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Een doctoraat schrijven. Wat een zot idee. Na vier jaar lang experimenten uitvoeren, data 
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moesten houden. Dus daarom merci. Merci om mee te gaan op de zotste reizen, alles te 
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langs de faculteit, mijn knorrig gedrag wijselijk te negeren, zorgeloos thuis mee in de zetel 
te ploffen, professionele Whatsapp peptalks te voorzien, Tunke voor haar free of charge 
Adobe Illustrator kunsten en Melle fotoreportages, … Maar misschien vooral om me af en 
toe te verplichten die laptop ook gewoon eens toe te klappen. Ik maak het hierbij graag 
officieel: jullie zijn helden.  
Bedankt Kathy. Vandaag kan ik het eerlijk toegeven, ik had nooit gedacht een doctoraat 
te schrijven. Dat leek me enkel iets voor echte wetenschappers en totaal niet aan bij 
besteed. Maar dat was voor ik had kennisgemaakt met jouw enthousiasme en 
overtuigingskracht. De motivatie waarmee jij je iedere dag opnieuw smijt voor het 
onderzoek is terecht alom geprezen en goed op weg wereldberoemd te worden. Dus 
bedankt om mij vijf jaar geleden over de streep te trekken en die wetenschapper in mij te 
zien. 
Thank you to the members of the examination board, for your time and the effort you put 
in reading and critically assessing this dissertation. Thanks to your valuable comments 
and suggestions the quality of the work has substantially improved. My gratitude also goes 
to all co-authors, who often took care of tasks for which I did not even know where to begin. 
Willem and Olivier, thanks for your incredible wood anatomy skills and beautiful pictures. 
Juan, thank you for spending all that time in the lab for the NSC analysis.  
 
 
Dankjewel aan iedereen van het Labo Plant Ecologie. Wat een voorrecht is het geweest 
om deel uit te maken van deze geweldige groep. Het is onvoorstelbaar dat in een team 
waar collega’s zo snel toekomen en opnieuw vertrekken, toch zo een gezellige sfeer en 
collegialiteit kan heersen. Chaotische drukke koffiepauzes, ietwat verplichte traktaties, 
spontane pintjes in de Koepuur of op het dak, emmervolle-Sangria namiddagen, 
bowlingavonden met officiële prijsuitreikingen, samen professioneel de Gentse Feesten 
inzetten of een online kerstfeest inclusief receptie-box, verkleedpartijtjes en kerst-elf-
awards. We hebben ons goed weten te amuseren. Maar ook als het met wetenshap te 
maken had, stonden we steeds voor elkaar klaar. R codes werden zonder probleem 
uitgewisseld, ogenschijnlijk onoplosbare problemen werden toch in groep opgelost en er 
was steeds wel iemand beschikbaar die een dagje de handen uit de mouwen wou steken 
als je hulp nodig had bij een experiment. Als we sukkelden deden we dat samen en dan 
valt alles best wel mee. 
Petje af voor Ann, Pui Yi, Erik, Geert, en Philip. Want het zijn deze vijf vaste rotsen in de 
branding die een labo, overspoeld met overenthousiaste schoolverlaters, draaiende weten 
te houden. Merci voor jullie geduld, onvoorstelbaar collectief geheugen en warm hart voor 
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verhalen, wist ik steeds waar ik moest zijn. Bedankt voor de meest oprechte “hoe is het?”, 
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helemaal jouw verdienste. Geert en Philip, het is wonderbaarlijk dat ik ondanks mijn twee 
linkerhanden (jullie weten ondertussen dat ik niet kan zagen), ogenschijnlijk niets kon 
misdoen. Niet alleen zijn jullie de masterminds achter de Melle serretjes, jullie fiksten 
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de plomb in Melle weer eens afsprong (hoe belangrijk kan de aankomst van de Ronde 
zijn?). Merci! 
Hans, bedankt! Zonder jou was ik simpelweg nooit gestart aan het labo. Ons jaartje Frans 
gaf mij de kans sensoren te installeren zonder dat ik me al te veel zorgen hoefde te maken 
over of die resultaten wel bruikbaar zouden zijn voor een doctoraat. Maar vooral dikke 
merci voor de laatste maanden. Als recente doctor navigeerde jij zonder al te veel 
problemen door Plato en kon je je als geen ander inleven in mijn gemoedstoestand. Hoe 
 
jij en Simon de laatste maanden met mij als bureaugenoot hebben weten door te komen, 
is een klein mirakel.  
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Introduction and thesis outline 
Introduction 
2020: turning point for global CO2 emissions? 
416.75 ppm. That was the average atmospheric carbon dioxide concentration ([CO2]) at time 
of publication in February 2021 (NOAA 2021). Over the past 800,000 years, [CO2] has been 
largely fluctuating within the 172 and 300 ppm range (Lüthi et al. 2008). However, continuous 
monitoring of recent [CO2] variations indicate a clear increase since 1960 (Figure 1.1a, NOAA 
2020). Likewise, also the atmospheric concentration of methane (CH4) and nitrous oxide (N2O) 
have rapidly increased (NOAA 2020), resulting in an unprecedented alteration of the 
atmospheric greenhouse gas (GHG) composition and in a consequent increase of global 
temperature (IPCC 2018). Despite public quarrel, a large scale survey indicated striking 
agreement among scientists, as 97-98 % of the climate researchers attributed current climate 
changes to anthropogenic factors (Anderegg et al. 2010). This concern was also translated in 
the 2014 IPCC report, where there was no room left for doubt, and anthropogenic GHG 
emissions were appointed the main cause of the ongoing global climate change. The 
importance of these statements can hardly be underestimated, as it does not only hold 
humans responsible for the observed climate changes, but it also underlines societal 






Figure 1.1 Global carbon dioxide (CO2) emission (a) evolution measured (in MtCO2 day-1) over the last five decades 
and (inset) during the global confinement period as a result of the COVID-19 pandemic (early 2020) (modified from 
Le Quéré et al. 2020) and (b) projected (in GtCO2 year-1) for the next eight decades under different shared socio-
economic pathways (SSP). Projected CO2 concentration and temperature in 2100 is indicated for each possible 
SSP. Most likely SSP following current policies are underlined and bolded (i.e. grey SSP4 and yellow SSP2, 
modified from Riahi et al. 2017, Rogelj et al. 2018, Hausfather and Peters 2020, Meinshausen et al. 2020).  
To this end, policymakers worldwide pledged in the Paris Agreement (2015) to limit effects of 
climate change and keep global average temperature below 2 °C above pre-industrial levels 
(UN 2015). In 2019, the European commission raised their goals by introducing the European 
Green Deal, aiming to reduce CO2 emissions by 2030 down to 50 – 55 % of those during the 
90´s, and being the first climate neutral continent in 2050 (EU 2019). To meet these goals, 
there has been a rapid expansion in the use of renewable energy resources (IRENA 2020, 
Ripple et al. 2020) while the use of coal for energy production has stabilized (Ritchie and 
Roser 2020). This lowered the annual increase of CO2 emissions from 3 % (average from 
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et al. 2019, Peters et al. 2020a). Although the relative annual variation in CO2 emissions has 
never been negative since the 1960’s (Peters et al. 2020a), the year 2020 might have been 
the first to break this trend (Figure 1.1a inset; Le Quéré et al. 2020). The confinement period 
during the COVID-19 pandemic reduced April daily CO2 emission by 17 % overall, with 
remarkable reductions in industry (19 %), public buildings and commerce (21 %), surface 
transport (36 %) and aviation (60 %) (Le Quéré et al. 2020). The question now poses how 
policy makers will respond to this unexpected global sanitary crisis. Initially, the European 
council indicated the Green Deal would serve as a compass, guiding the EU recovery after 
the COVID-19 crisis (Colli 2020, Gornall 2020). Nonetheless, after calls from European 
industry (Vestager et al. 2020), some initiatives of the European Green Deal now face delay 
due to the coronavirus (Frédéric 2020a, 2020b). Also, it is expected that economic recovery 
will be prioritized over climate goals, hindering countries’ CO2 targets (Le Quéré et al. 2020). 
The way countries worldwide will draw up their economic recovery plans, and the extent to 
which sustainable development is integrated, will largely determine the pathway of CO2 
emission for the decades to come (Le Quéré et al. 2020).  
Despite the uncertainty of near future political actions, it remains highly likely the Earth’s 
atmosphere will become even more CO2 enriched. To predict future climate conditions, 
different plausible global development pathways (known as the shared socioeconomic 
pathways, SSPs) have been described (O’Neill et al. 2017), and corresponding climate 
scenarios have been predicted (Figure 1.1b; Riahi et al. 2017, Rogelj et al. 2018, 
Meinshausen et al. 2020). Depending on the SSP, atmospheric [CO2] predictions in 2100 can 
vary from 394 ppm assuming Paris goals are met, to 1135 ppm in case no action is taken 
(Meinshausen et al. 2020). Given current policies, it is most likely [CO2] in 2100 will reach 
approximately 650 ppm (Meinshausen et al. 2020) causing a global temperature increase of 
3°C above pre-industrial levels (Hausfather and Peters 2020) (Figure 1.1b). The 
consequences for the global climate when temperature would increase 3 °C are expected to 
be severe. Arctic sea ice will continue to melt aggravating the sea level rise, pressure on 
ecosystems and biodiversity will further grow and extreme weather events including tropical 
storms, heat waves and prolonged droughts will become even more frequent and intense 
(IPCC 2018).  
Forests face the climate 
Climate change is, however, no longer a future projection. Over the last decades, drought 




and severity (Spinoni et al. 2017, Hao et al. 2018a) putting ecosystems worldwide, including 
forests, at risk (Allen et al. 2010, 2015, Jump et al. 2017, Hartmann et al. 2018, McDowell et 
al. 2020). Trees’ ability to adapt and acclimate to new growing conditions remains insufficient 
to mitigate adverse effects of changing climate (Franks et al. 2014) that occurs at a faster rate. 
For instance, drought tolerance has been observed to vary in different tree species as a result 
of adaptive mechanisms and genomic plasticity (Viger et al. 2016, Esperon-Rodriguez et al. 
2020, Zas et al. 2020). Nonetheless, limited drought safety margins (Choat et al. 2012) and 
widespread drought-induced tree mortality raises the concern that induced stress is exceeding 
tree tolerances to cope with climate change (Anderegg et al. 2019). During the heatwave of 
the summer of 2018 in northern and central Europe, the importance of the interaction between 
plant productivity and drought vulnerability was highlighted. Although Europe has been struck 
by several summer droughts over the last decades, the 2018 heat wave differed from previous 
ones as it was preceded by a warm and moderately wet spring. This induced an excessive 
vegetative growth during spring which contributed to a faster depletion of the soil water pools, 
aggravating negative effects of the summer drought in plants (Bastos et al. 2020).  
Forests are dependent on their surrounding climate, but they are also capable to affect their 
living conditions for two main reasons. First, forests lower local temperature as a direct effect 
of trees’ transpiration (Moss et al. 2019). Tree water release to the atmosphere also induces 
cooling through cloud formation and local or far-off precipitation (Bonan 2008). Therefore, role 
of forests’ evapotranspiration in the global water cycling cannot be underestimated. On 
average 40 % of the precipitation over land is dependent on forests’ evapotranspiration 
(Ellison et al. 2017); this value rises up to 70 % in regions surrounding the Amazon forest (Van 
Der Ent et al. 2010). Second, forests play an important role in the mitigation of climate change, 
as forested biomes are responsible for the uptake of approximately 30 % of the anthropogenic 
CO2 emissions (Friedlingstein et al. 2019, Pugh et al. 2019). Afforestation is therefore 
considered a cost-efficient and readily available strategy to offset CO2 emissions (Doelman et 
al. 2020), and eventually achieve climate goals (IPCC 2018). Understanding how forests and 
trees will respond to increasing CO2 and more intense and severe droughts remains therefore 
crucial to predict forests’ ability to sequester carbon (C) and survive under future climate 
conditions (Cernusak et al. 2019, Anderegg et al. 2020). Within this context, this PhD 
dissertation assesses the effects of elevated atmospheric [CO2] (eCO2) and drought on leaf 
and whole-tree level C and water processes.  
Increase of CO2: a feast for trees? 
Photosynthesis is the process by which CO2 and water is converted into sugar and oxygen. 
Traditionally, photosynthesis is divided into two major processes: light reactions and C fixation 
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reactions (the Calvin cycle) (Bassham et al. 1956). Depending on the photosynthetic metabolic 
pathway, these two processes can co-occur (C3) or be separated in space (C4) or time 
(Crassulacean Acid Metabolism or CAM) (Ranson and Thomas 1960, Hatch and Slack 1966). 
Because the C3 pathway is the most common throughout plants worldwide (Yamori et al. 
2014), including the one investigated along this PhD dissertation (Populus tremula L.), only 
the C3 pathway will further be explained. First, CO2 diffuses from the atmosphere into the leaf 
(Figure 1.2, upper left-hand side). Leaf stomata are microscopic pores in the leaf surface 
formed by two specialized guard cells, which facilitate and regulate the CO2 diffusion and 
uptake (Harrison et al. 2020). Subsequently, CO2 diffuse through intercellular airspaces across 
the mesophyll, ultimately reaching the chloroplast (Figure 1.2, upper panels), where C fixation 
occurs, catalysed by enzyme RuBisCo (ribulose-1,5-bifosfaat carboxylase oxygenase), and 
carbohydrates are eventually assimilated (Yamori et al. 2014, Harrison et al. 2020). To acquire 
energy needed for growth and maintenance metabolism, assimilated carbohydrates are 
broken down in all living cells following respiratory metabolism, yielding energy by means of 
chemical compounds and emitting water and CO2 as by-products. Respiration therefore 
occurs during night- and day-time regardless of light intensity, but is commonly measured 
under dark conditions as C assimilation (CO2 uptake) can largely bias respiration (CO2 efflux) 
estimates under light conditions (Yamori 2015). For this reason, photosynthetic rates are 
usually expressed as the net carbon assimilation (An), the difference between leaf level gross 
photosynthetic CO2 uptake and leaf respiration (RL).  
The effects of eCO2 on leaf level C processes, and in particular An, have been extensively 
studied over the last two decades (Figure 1.2, upper panels; reviewed e.g. Ainsworth and 
Rogers 2007, Norby and Zak 2011, Dusenge et al. 2019, Ainsworth et al. 2020, Allen et al. 
2020). Today, stimulation of An under eCO2 is no longer questioned, with an average An 
increase of 31 % in C3 plants exposed to free-air CO2 enrichment (FACE) conditions 
(Ainsworth and Rogers 2007) (Text box 1.1). The reason for the enhanced C-fixation is two-
fold. First, under ambient [CO2], photosynthesis is limited by substrate (i.e. CO2) availability 
inside the sub-stomatal cavities. With rising atmospheric [CO2], higher internal [CO2] will lead 
to an increase of the carboxylation rate (Ainsworth and Rogers 2007, Ainsworth and Long 
2020). Second, the chance of RuBisCo oxygenase activity (known as photorespiration) will 
lower under eCO2 (Long et al. 2004). Photorespiration limits RuBisCo carboxylase efficiency, 
hereby limiting C fixation and further wasting some of the chemical compounds produced 
during the light reactions. Under current [CO2] and at 25 °C, approximately one third of 
RuBisCo functions as oxygenase (Ainsworth and Rogers 2007), and this fraction further 




the RuBisCo efficiency as carboxylase, as a result of the lower oxygen - carbon dioxide ratio 
and RuBisCo oxygenase function (Long et al. 2004) (Text box 1.1). 
Despite the widely observed eCO2-induced stimulation of gross primary production (GPP), as 
the result of the An stimulation, it is still highly uncertain whether the C surplus will translate 
into an increase of net primary production (NPP) at the whole-tree level. Additional available 
C can also be allocated to alternative C sinks, including respiration, accumulation of non-
structural carbohydrates (NSC), rhizodeposition or emission of volatile organic compounds 
(Körner 2006, Sala et al. 2012, Salomón et al. 2017b, Jiang et al. 2020). Initial eCO2 studies 
on young fast growing trees suggested a parallel stimulation in tree growth and biomass 
production (Figure 1.2, lower panels; e.g. Pritchard et al. 1999, Moore et al. 2006, Dawes et 
al. 2014). Nonetheless, the effects of eCO2 in closed stands composed by mature and large 
trees remain far less certain (e.g. Asshoff et al. 2006, Klein et al. 2016, Ellsworth et al. 2017, 
Jiang et al. 2020). For example, in an Eucalyptus woodland, GPP increased while NPP 
remained unaltered under FACE conditions. This discrepancy was attributed to parallel 
stimulation of respiratory fluxes under eCO2 (Jiang et al. 2020), thereby highlighting two 
important knowledge gaps. First, current understanding of respiration under eCO2 is 
comparatively limited and needs to be extended if we want to predict future tree’s C 
sequestration potential (Dusenge et al. 2019). Second, homeostatic NPP under eCO2 disputes 
the traditional view that growth is solely determined by the C availability (i.e. source driven) 
and stresses the importance of other co-drivers, such as nutrient and water availability or 
climatic conditions, determining the potential for tree development (i.e. sink driven) (Fatichi et 









Text box 1.1: A/Ci and light response curves under ambient and elevated CO2 
Carbon assimilation rates are driven by the [CO2] in the sub-stomatal cavities (Ci), leaf 
light availability and prevailing temperature. A brief overview of the effects of Ci and light 
availability on carbon assimilation (A) rates based on eCO2-induced shifts in the A/Ci 
and light response (LR) curves are given. 
At low Ci levels, A is limited by the carboxylation rate of RuBisCo and increases with Ci 
until reaching a settling value determined by the leaf’s capacity to regenerate RuBP 








determines the ratio of intercellular to atmospheric [CO2] and thus the slope of the CO2 
supply curve and the final operating point (i.e. the intersection between the A/Ci and 
supply curve) (Von Caemmerer 2000, Ainsworth and Rogers 2007). Under current 
atmospheric [CO2], A is limited by RuBisCo carboxylation capacity for all C3 plants, 
including trees. Also under eCO2 and assuming a constant slope of the supply curve, 
trees would still be operating at a RuBisCo limited stage of the A/Ci curve, indicating the 
large potential for stimulation of carbon assimilation under eCO2 (Ainsworth et al. 2007). 
It must, however, be underlined that long term exposure to eCO2 can induce plant 
acclimation (Ainsworth and Rogers 2007) or reduce the number and size of stomata 
shifting the slope of the supply curve (Xu et al. 2016, Engineer et al. 2016), lowering the 
potential stimulation of A under eCO2. 
Light is indispensable for photosynthesis. Increasing light availably enhances A until 
reaching maximal photosynthetic capacity (LR-curve Text box figure 1.1, right-hand side 
panel). As a result of the stimulated RuBisCo activity under eCO2 (i) light saturation of 
A will occur at higher light intensity, and (ii) light saturated A will be higher under eCO2 
than aCO2 (Ainsworth and Rogers 2007). For trees grown under FACE conditions, light 
saturated A is expected to be approximately 50 % higher relative to aCO2 grown trees 
(Ainsworth and Rogers 2007). It must, however, be noted that the extent to which light 
saturated A is stimulated, is highly dependent on leaf characteristics and growing 
conditions. For instance, the relative stimulation of A in sun leaves was more than 
double compared to the eCO2-induced stimulation in shade leaves as a likely effect of 
the leaf characteristics (including the leaf nitrogen and RuBisCo concentration) (Herrick 
and Thomas 1999). 
 
Text box figure 1.1 Theoretical A/Ci (left-hand side panel) and light response (LR, right-hand side panel) 
curve of C3 trees under ambient (black) and elevated (red) CO2 growing conditions. Arrows show the supply 
curve and indicate the operating point under the corresponding atmospheric CO2 concentration. With An 







Tree responses to eCO2 are known to be variable within a single growing season. Highest leaf 
An stimulation is often found during the early season corresponding with the rapid vegetative 
growth phase followed by a down-regulation towards the end of the summer (Gamage et al. 
2018). Seasonality in An stimulation can be substantial. For example in well-watered 
Eucalyptus globulus trees, An was stimulated up to 46 % during summer, but only 14 % during 
winter months (Quentin et al. 2015). Likewise, and at the whole-tree level, stem growth in Larix 
kaempferi trees was stimulated by eCO2 only during the early season, after which stem growth 
stimulation under eCO2 became insignificant (Yazaki et al. 2004). Seasonality is therefore 
expected to strongly alter C sink activity and consequently alter tree responses to eCO2 
(Gamage et al. 2018). Although long-term eCO2 studies are still scarce, magnitude of the CO2-
induced stimulation in tree growth is also known to reduce after several years. This observed 
eCO2 acclimation has been attributed to lowering of RuBisCo transcription, stoichiometric 
constraints (limitation of other required nutrients for tree development) or trees’ inability to 
expand the C sink strength (e.g. Norby et al. 2010, Klein et al. 2016, Ellsworth et al. 2017 and 
reviewed by Gamage et al. 2018). Such dynamic behaviour of the eCO2 response over time, 
in particular within a single growing season, is poorly understood and remains largely ignored 
in terrestrial biosphere models.  
The necessity of water: there is no living without 
Role of water in trees can be summarized in four core tasks: (i) It is an essential molecule for 
photosynthesis, (ii) it maintains living cells below lethal temperature thresholds by means of 
transpirational cooling, (iii) it maintains cell turgor pressure and metabolic functioning and (iv) 
it drives upward nutrient transport from soil to leaf and downward carbohydrate transport from 
leaf to roots (Bernacchi and Vanloocke 2015). By far, the largest fraction of water in trees, 
approximately 95 %, is merely transported upwards without being retained or used for any 
other function (McElrone et al. 2013). Xylem tissues are responsible for upward water 
transport and consists of stacked dead conductive elements forming hollow tubes, surrounded 
by living parenchyma cells. Xylem conduits are typically wide, long and heavily lignified, to 
minimize flow resistance and withstand large negative pressures once the cytoplasm is lost 
and only the lumen remains for water transport (Sperry et al. 2006, Pittermann 2010, Evert 
and Eichhorn 2013, Venturas et al. 2017). Cavities inside the secondary wall of conducting 
elements, known as conduit pits, allow water exchange between adjacent conduit lumen and 
create a connected hydraulic system. Inside the pits, modified primary cell walls, known as pit 
membranes, act as safety valves preventing rapid spread of air through the xylem, which may 
eventually lead to fatal hydraulic disruption (Pittermann 2010, Venturas et al. 2017). 
  




Figure 1.2 Schematic overview of pathways of water (blue) and carbon (red and dark orange) at leaf (top panels) 
and stem (lower panels) scale under ambient (aCO2) and elevated (eCO2) CO2 growing conditions. Commonly 
assumed effects of eCO2 on the three main processes at leaf (An, RL and gs) and stem (ΔD, Ea and SF) scale are 
indicated by arrow length and summarized in the inset. 
With A carbon assimilation, An net carbon assimilation (A - RL), gs stomatal conductance, RL leaf respiration, ΔDirrev 
irreversible growth-driven stem diameter variations, ∆Drev reversible water-driven stem diameter variations, ΔD 
total stem diameter variations (∆Dirrev + ∆Drev), Ea stem CO2 efflux and SF sap flow as proxy  of transpiration (upper 
panel modified from Harrison et al. 2020). 
Upward water transport is driven by a passive process where water is pulled from the soil to 
the atmosphere as the result of leaf level (stomatal) water loss. As soon as water evaporates 
from the sub-stomatal cavities to the atmosphere, and as a result of the strong cohesion bonds 
between water molecules, water in the mesophyll cells moves towards the sub-stomatal cavity 
Vascular bundle
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(Figure 1.2, upper panels). Consequently, the tension exerted by the atmospheric water 
demand is transferred between adjacent water molecules throughout the entire tree, 
developing a vertical water potential gradient which drives continuous water movement from 
the soil to atmosphere, which is known as the cohesion-tension theory (Dixon and Joly 1895). 
The extent to which water is pulled upwards can be defined as a negative pressure (tension) 
or water potential (Ψ). Water moves according to potential gradients from less to more 
negative Ψ (Pittermann 2010). In addition to the axial water transport, water also flows radially 
between xylem and parenchymatic living tissues. In this way, stem living tissues serve as 
internal water pools. On a sub-daily basis, internal water pools are consecutively depleted and 
refilled, to bridge the time lag between leaf level water loss and water uptake by the roots, 
hereby buffering increases in xylem tension. As a result, shrinkage and swelling of stem elastic 
tissues can be found during morning and afternoon, respectively, according to the 
transpiration requirements imposed by the atmospheric demand (Zweifel et al. 2001, Meinzer 
et al. 2004, Steppe et al. 2006, De Swaef et al. 2015).  
For most species, an increase of atmospheric [CO2] induces stomatal closure, detected by a 
reduction in stomatal conductance (gs) (Xu et al. 2016). For C3 species, an average 22 % 
reduction in gs was measured under FACE conditions (Figure 1.2, upper panels; Ainsworth 
and Rogers 2007). For long, gs reduction has been considered a consistent leaf response  to 
eCO2 (reviewed by e.g. Medlyn et al. 2001, Wullschleger et al. 2002, Long et al. 2004, 
Ainsworth and Rogers 2007). However, homeostatic gs response to eCO2 is not uncommon 
(review by Xu et al. 2016). Recent meta-analysis compiling data from over fifty FACE sites, 
even reported gs increases under eCO2 (Purcell et al. 2018). These observations therefore 
suggest a more complex stomatal behaviour under eCO2 and call to revisit the widely accepted 
eCO2-induced gs inhibition (Xu et al. 2016). Uncertainty also exists on the effect of eCO2 on 
the amount of transpired water at the whole-tree level (Figure 1.2, lower panels; Fatichi et al. 
2016). Regardless of stomatal response to eCO2, whole-tree transpiration is largely 
dependent on canopy leaf area (LA), which can be stimulated under eCO2 (Pritchard et al. 
1999). As a result, whole-tree transpiration has been observed to increase, despite potential 
reduction in leaf level water loss (Tricker et al. 2009, Fatichi et al. 2016).  
Elevated CO2 under drought: aggravation or mitigation? 
When soil water content decreases, trees are forced to reduce their Ψ in the root system to 
take up water from the rhizosphere. Downstream (i.e. in stem, branches and leaves), Ψ must 
further reduce to maintain upward water transport to above-ground organs (Venturas et al. 
2017). With increasing tension on the water column, conduits become more prone for the 
formation, spread and expansion of gas bubbles. As Ψ further declines, embolisms propagate 
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what could eventually lead to hydraulic failure (Venturas et al. 2017, Choat et al. 2018). Xylem 
vulnerability to embolism formation largely varies among tree species and is commonly 
expressed using the P50 value; i.e. the Ψ corresponding with 50 % loss of hydraulic 
conductivity (Choat et al. 2012). Wood anatomy, in particular xylem traits related to the ease 
of water exchange between xylem conduits (e.g. cell wall thickness, pit membrane porosity 
and conduit dimensions), largely determines the P50 value (Wheeler et al. 2005, Blackman et 
al. 2010, Christman et al. 2012, Rosner 2017, Olson 2020). Nonetheless, xylem vulnerability 
to embolism formation is just one feature determining overall tree drought tolerance, as the 
P50 value provides no information on the rate of Ψ reduction with decreasing soil water 
availability and atmospheric water demand. Two mechanisms involved in the modulation of Ψ 
reduction rate are stomatal regulation and the use of internal water pools (Epila et al. 2017, 
Venturas et al. 2017, Choat et al. 2018). 
When facing drought, stomatal closure is the main mechanism to limit water loss and prevent 
lethal Ψ reductions (Martínez-Vilalta and Garcia-Forner 2017, Choat et al. 2018). However, 
as an inevitable effect of stomatal closure, CO2 uptake and photosynthesis cease, so trees 
become dependent on carbohydrate pools to maintain metabolic activity. Drought stress 
therefore forces trees to balance risks of drought-induced hydraulic failure and carbon 
starvation (McDowell et al. 2008). It remains debatable whether carbon starvation can 
ultimately lead to tree death under drought conditions. A recent review showed xylem failure 
was omnipresent for 26 tree species at drought-induced mortality, while the carbohydrate 
status of dead trees were largely variable (Adams et al. 2017). During periods of low water 
availability, depletion of internal water pools enables short-term delay of stomatal closure, 
prolonging photosynthesis over time, and buffers the Ψ reduction to prevent onset of embolism 
formation (Choat et al. 2018, Fu et al. 2019). Despite the potential of capacitive water release 
to mitigate drought stress effects,  the role of internal water pools during dehydration remains 
comparatively less studied than degradation of the hydraulic system’s integrity under drought 
(Körner 2019, Martinez-Vilalta et al. 2019).  
Effects of eCO2 on drought vulnerability to embolism (i.e. shifts of P50) under eCO2 remain 
largely unknown (e.g. Tognetti et al. 1999, Gartner et al. 2003, Domec et al. 2010, Warren et 
al. 2011, Hao et al. 2018b, Newaz et al. 2018). Wood anatomy studies under eCO2 suggest 
potential alterations in wood traits that could affect P50 values (Domec et al. 2017, Qaderi et 
al. 2019). An increase in average conduit diameter has been observed in parallel with the 
stimulated stem growth under eCO2 (Domec et al. 2017). Wider conduits increase hydraulic 
efficiency, as conductivity is proportional to the fourth power of the conduit diameter (Hagen-
Poiseuille law). However, increased conduit size has long been associated with a higher 




(e.g. Wheeler et al. 2005, Hacke et al. 2006, Christman et al. 2012). Nonetheless, a recent 
review found little evidence to support this trade-off between hydraulic efficiency and safety 
(Gleason et al. 2016) and appointed other wood characteristics, often related to mechanical 
strength, to determine to a greater extent hydraulic vulnerability to embolism (Mrad et al. 2018, 
Janssen et al. 2020). Some of these wood traits are expected to be altered under eCO2 as 
increased C availability can stimulate cell wall deposition and increase wood density (e.g. 
Saxe et al. 1998, Atwell et al. 2003, Domec et al. 2010, 2016), possibly modifying pit 
membrane composition and enhance its ability to withstand xylem tension (Li et al. 2016). 
When facing drought, eCO2 is expected to alleviate some of the detrimental effects of drought 
on  tree functioning (e.g. Wullschleger et al. 2002b, Avila et al. 2020, Birami et al. 2020). First, 
reduction of leaf level water loss via eCO2-induced stomatal closure might result in an overall 
reduction of whole-tree water use, delaying the depletion of soil water and postponing 
suboptimal levels of water availability for hydraulic transport (Wullschleger et al. 2002b, 
Leuzinger and Körner 2007, Fatichi et al. 2016). Second, under moderate drought stress 
levels, eCO2 facilitates CO2 diffusion into the sub-stomatal cavities, which allows to maintain 
photosynthetic rates even when stomata are partially closed (Goodfellow et al. 1997, Herrick 
et al. 2004, Birami et al. 2020). However, with increasing drought and after full stomatal 
closure, mitigating effects of eCO2 have been observed to progressively diminish (Birami et 
al. 2020). Furthermore, in some drought experiments, eCO2 has been observed to exacerbate 
drought effects as stimulated growth and structural overshoot can accelerate depletion of soil 
water pools (e.g. Domec et al. 2010, Warren et al. 2011). It remains therefore highly uncertain 
whether trees’ ability to withstand drought will be improved or deteriorated under eCO2. 
Dissertation outline: research questions and experimental set-up 
Research questions 
Previous research on the effects of eCO2 on tree functioning has mainly focused on leaf level 
photosynthesis, gs and whole-tree growth, while largely overlooking leaf and whole-tree 
respiration as well as whole-tree water use (Figure 1.3). Even today, despite numerous tools 
and approaches to monitor whole-tree responses (Jones 2004, Steppe et al. 2015), a 
substantial imbalance still exists between the number of studies conducted on leaf and whole-
tree spatial scales under eCO2. In particular for large trees, this discrepancy highlights an 
important knowledge gap, as leaf level responses to eCO2 do not necessarily translate to the 
whole-tree level (e.g. Körner 2003, 2015, Palacio et al. 2014, Tor-ngern et al. 2015, Fatichi et 
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al. 2016) and potential mismatches between leaf and whole-tree level responses would induce 
biased predictions of future tree behaviour as climate changes.  
 
 
Figure 1.3 Comparison of Web of Science yearly citation reports on the number of conducted studies on leaf (green) 
and whole-tree (orange) responses of water, growth and respiration processes under elevated CO2.  
Basic topic search was conducted on 20 November 2020. Elevated CO2 was used as first keyword followed by the 
corresponding figure legend. 
A second important knowledge gap in tree responses to eCO2 is the high uncertainty regarding 
their temporal variability. In particular for long-living plants such as trees, down-regulation of 
the responses to eCO2 is known to occur after multiple year of eCO2 exposure (Norby et al. 
2010, Klein et al. 2016, Ellsworth et al. 2017 and reviewed by Gamage et al. 2018). 
Furthermore, temporal dynamics of tree response to eCO2 on a shorter timescale, i.e. within 
a single growing season, remain largely unknown and ignored (Gamage et al. 2018). The lack 
of a comprehensive understanding on the trend, magnitude and general occurrence of these 
temporal eCO2 dynamics precludes reliable assessment by means of single point 
measurements. This is because, single measurements only provide a snapshot of dynamic 
tree responses and thus bias our understanding of the year-round effect of eCO2. 
Third, the effect of eCO2 on tree responses to drought remains disputed, with reports of both 
mitigation (e.g. Goodfellow et al. 1997, Herrick et al. 2004, Birami et al. 2020) and aggravation 
(e.g. McCarthy et al. 2006, Bobich et al. 2010) of adverse drought effects under eCO2. 
Uncertainty also remains on the effects of eCO2 on hydraulic architecture and coupled 
hydraulic vulnerability. Despite a recent review on the effect of eCO2 on the structure and 
functioning of plant hydraulic architecture (Domec et al. 2017), the number of studies focusing 




and contradictory (e.g. Tognetti et al. 1999, Gartner et al. 2003, Domec et al. 2010, Vaz et al. 
2012, Newaz et al. 2018). 
To address these three knowledge gaps, this PhD dissertation investigates the dynamic 
character of the eCO2 response over time (early vs. late season), between spatial scales (leaf 
vs. whole-tree), and under both well-watered and drought conditions. For this, three research 
questions (Figure 1.4a) have been put forward, that we aim to answer along four research 
chapters (Figure 1.4b).  
Experimental set-up 
To test the temporarily dynamic nature of tree responses to eCO2 on a temperate species 
(Chapter 3 - 5), we grew Populus tremula L. (European aspen) trees under ambient (aCO2) 
and elevated (eCO2) [CO2]. Populus tremula was selected as it is a fast growing species, and 
thus highly susceptible to eCO2, and because of its broad spatial distribution in Europe and 
important role as pioneer and keystone species widely used for recolonization of degraded 
areas (Myking et al. 2011, Caudullo et al. 2016, Rogers et al. 2020, Text box 1.2). At onset of 
the 2018 and 2019 growing seasons, approximately fifty one-year-old trees were acquired 
from a Belgian tree nursey (Sylva, Waarschoot). All trees were grown from wild seeds 
collected from same location in Europe. At the day of planting (day of year (DOY) 78-79), trees 
had an average diameter at stem base of 4.30 ± 0.20 mm. Trees were planted in 30 L pots 
with potting soil mixed with fertilizer (Osmocote Exact Standard 8-9M, ICL, Ipswich, UK), to 
allow optimal and individualized regulation of tree water availability and full randomization of 
well-watered and drought stressed treatment levels (see below), despite potential limiting 







Text box 1.2 Populus tremula L. 
Populus tremula L. (European aspen)  is a broadleaved, dioecious and diffuse-porous 
tree species native from cooler and temperate regions of Europe and Asia (von 
Wühlisch 2009). After Scots pine (Pinus sylvestris L.), European aspen has the widest 
distribution range, from north of the Arctic circle to Mediterranean regions (Spain and 
Turkey), indicating its high tolerance and plasticity for a wide variety of climatic and soil 
growing conditions (Caudullo et al. 2016). Nonetheless, moist and well-aerated soils 
with a high organic content (Kangur et al. 2021) and high light availability (von Wühlisch 
2009, Caudullo et al. 2016) are the optimal conditions for the species. 
 















Despite its limited commercial importance (Caudullo et al. 2016), European aspen trees 
are of high ecological value as they act as a keystone species to provide habitat for 
insects, birds and mammals and promoting biodiversity (Rogers et al. 2020). 
Furthermore, as a colonising pioneer, European aspen is considered an important 
facilitator for the (re)colonization of disrupted areas (e.g. after forest fires) (Caudullo et 
al. 2016). As a result, P. tremula was appointed as one of the six Populus species with 
a crucial role in promoting biodiversity, C sequestration and providing ecosystem 
services in the northern hemisphere (Rogers et al. 2020). 
Until the age of 20 years, European aspen trees commonly show high growth rates, 
after which tree development slows down and tends to culminate at ca. 30 years, 
reaching a tree height of 30 m and a stem diameter of 1 m (Caudullo et al. 2016). 
Vegetative regeneration mainly occurs through the production of root suckers, and  
starting from the age of 10-15 years also seeds are produced for sexual reproduction 
(Myking et al. 2011). For young poplar trees, leaves emerge and develop from March to 
August, with a peak leaf biomass production in April. Stem volumetric growth occurs 
continuously from March to October, with highest rates at the end of spring and during 
early summer. Fine root production increases towards the end of the growing season, 
with a highest productivity in September, causing a shift in C allocation from 
aboveground to belowground biomass production in September and October (Text box 
figure 1.2; Broeckx et al. 2014). 
 
Text box figure 1.2 Time course of leaf (green), fine root (blue) and stem (orange – reflected by stem 
diameter increment) biomass production and the ratio of aboveground (stem + leaf) and belowground (fine 
root) productivity (black line, secondary y-axis) of a mixed Populus plantation during the 2011 growing 











Are tree responses to eCO2
variable over the season?
Can leaf level eCO2 responses be
upscaled to the whole-tree level?
Does eCO2 affect drought 
response and vulnerability?
Transpiration (SF)
Stem diameter variations (ΔD)
CO2 efflux (EA)
Stomatal conductance (gs)




Introduction and outline 
 
 17 
Figure 1.4 Visual overview of (a) the three main research questions of this PhD dissertation and (b) the conducted 
seasonal experiments with illustration of the monitored variables and experimental set-up to answer these 
questions along the PhD experimental chapters. 
Two experiments were conducted during two subsequent growing seasons to study early (2019) and late (2018) 
leaf and whole-tree responses under ambient (400 ppm; aCO2) and elevated (700 ppm; eCO2) CO2 concentration. 
Discrete (Ψxylem, An, gs, RL) and continuous (∆D, SF, CO2 efflux) measurements were performed during each 
seasonal experiment. Chapter 3 discusses the effect of the CO2 treatment and experimental timing on in vivo leaf 
and whole-tree functioning in well-watered (blue coloured pots) Populus tremula L. trees. Chapter 4 expands this 
research to drought stressed trees (red coloured pots). Finally, chapter 5 combines and compares drought 
measurements in vivo with wood anatomical traits, hydraulic vulnerability and desorption curves (VC and DC, 
respectively) obtained from lab measurements.  
Trees were distributed between two half-cylindrical treatment chambers (Figure 1.5a, based 
on a 4	 × 4 m2 square) located in an open grass field at the UGent campus Proefhoeve (Ghent 
University, Belgium, 50°58'N, 3°49'E), and constructed following the design of Wertin et al. 
(2010). Inside the treatment chambers, [CO2] was continuously measured with a non-
dispersive infrared sensor (GMT222, Vaisala, Helsinki, Finland) connected to a control unit 
and CO2 tanks to maintain chamber [CO2] at the targeted value. Target [CO2] was set at 
400 ppm (hereafter ambient [CO2], aCO2) and 700 ppm (hereafter elevated [CO2], eCO2). 
Ambient target [CO2] was selected based on current measurements of global (NOAA 2021) 
and local atmospheric [CO2] (414.75 ± 0.48 ppm and 411.64 ± 0.24 ppm during the 2018 and 
2019 growing season, respectively). For eCO2, 700 ppm was selected as target concentration 
to facilitate literature comparison (Chapter 2, Table 2.1 and Table 2.2). Note that the 700 ppm 
threshold will most likely be reached before 2150 (SSP4, Figure 1.1b). 
The young trees were watered between 5:00 h and 6:00 h with an automatic irrigation system 
and the amount of water supplied was individually adjusted per pot throughout the season to 
avoid drought stress and soil-water saturation (Kangur et al. 2021). Soil water content was 
periodically (varying from once fortnightly to twice per week) measured using a ML3 ThetaKit 
(Delta-T Devices, Burnwell, UK) and maintained above 30 % and below 60 %. The 
microclimate was continuously monitored approximately 3.5 m above the soil level outside the 
treatment chamber and 0.5 m above the top foliage inside the treatment chamber. Air 
temperature (T; 10k thermistor, Epcos, Munich, Germany), relative humidity (RH; hygroclip 
probe, Rotronic, Basserdorf, Switzerland), both mounted inside a radiation shield, and 
photosynthetically active radiation (PAR; JYP PAR sensor, SDEC, Rousset, France) were 
measured. Vapor pressure deficit (VPD) inside each treatment chamber was calculated from 




temperature was programmed to mimic outside temperature using two cooling units (Midea, 
Foshan City, Guangdong, China) and a heater (AEG, Nurnberg, Germany) per chamber.  
 
 
Figure 1.5 Pictures of the experimental set-up. (a) Outside and (b) inside of the two treatment chambers, and 
detailed image of the plant sensors: (c) linear variable displacement transducer to monitor stem diameter variations 
and stem cuvette to estimate stem CO2 efflux (covered with aluminium foil during measurement period) and (d) 
sap flow sensor (type heat balance). 
To limit possible pseudo-replication issues (i) trees were randomly distributed between the 
two treatment chambers the day of planting to maximize phylogenetic randomization, and (ii) 
possible differences in abiotic conditions between treatment chambers were limited. To this 
aim, the potting soil and irrigation water was identical in both treatment chambers, and 
differences in sunlight availability were avoided by using identical plastic foil for chamber 
construction and by building treatment chambers on the north-south axis relative to each 
other. For experimental feasibility, trees were not switched between treatment chambers 
during the growing season, as wiring connections between the plant sensors and the 
datalogger (as well as tubing between stem cuvettes, multiplexer and buffer tank) may have 
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To assess whether the tree seasonal stage affects tree responses to eCO2 and drought, 
experiments were conducted during two consecutive growing seasons, allowing to study early 
(spring and early summer – 2019, hereafter ESE) and late (late summer and autumn – 2018, 
hereafter LSE) seasonal responses. Early during the growing season (April), woody biomass 
productivity is expected to start and to increase consistently until early July. After this peak is 
reached, productivity gradually decreases towards the onset of autumn (Figure 1.6, Cuny et 
al. 2015). Therefore, and according to this seasonality, drought was imposed when tree 
productivity was expected to be highest during ESE (2019), i.e. early July (DOY 183). 
Contrastingly, late season drought (2018) was imposed when tree carbon demand was 
expected to be reduced but not completely ceased, i.e. mid-August (DOY 222).  
 
 
Figure 1.6 Timing of the conducted early (green, ESE - 2019) and late (orange, LSE - 2018) seasonal experiments 
in relation to the seasonality in plant woody biomass production as measured in a temperate conifer forest.  
Vertical blue and red dashed lines indicate time of highest xylem volumetric increase and woody biomass 
production. Red arrows indicate the time of onset of drought stress during ESE and LSE. Figure modified from 
Cuny et al. (2015). 
In vivo leaf and whole-tree responses were monitored using an array of discrete (An, gs, RL 
and Ψ) and continuous (radial stem diameter variation, sap flow as a proxy for transpiration 
and stem CO2 efflux) measurements (Figure 1.5c,d). Monitored trees were harvested at the 
end of each seasonal experiment for dry biomass determination. Additionally, tree responses 
to drought were evaluated by establishing hydraulic vulnerability curves (VCs; i.e. relative 




reduction in functional conduits with lowering Ψ) and stem desorption curves (DCs; the 
reduction in stem water content with lowering Ψ) by means of bench dehydration. During LSE, 
samples of bark, xylem and foliar tissues were collected before, during and after the drought 
event and analysed to determine NSC concentration.  
Dissertation outline 
Chapter 2 reviews current knowledge on the temporal variability of the effect of eCO2 on C 
and water processes at leaf and whole-tree levels. By compiling previous studies which 
monitored eCO2 responses along a single growing season, we aim at improving our 
understanding and suggest possible drivers of such potential seasonality. Additionally, an 
overview of FACE studies incorporating both leaf and whole-tree level measurements is given. 
By comparing responses between these two spatial scales, we assess the appropriateness of 
upscaling leaf measurements to the whole-tree level.  
Data from the two seasonal experiments is analysed in Chapters 3 to 5. Chapter 3 focuses 
on the effect of the [CO2] treatment on the leaf and whole-tree responses under well-watered 
conditions. The effect of the [CO2] treatment is assessed over time and spatial scales. We 
expect eCO2 to stimulate An, leading to an increased stem growth, biomass production and 
respiration, while lowering leaf and whole-tree water use. We hypothesize leaf scale 
processes to be more susceptible to eCO2 in comparison to the whole-tree scale, and expect 
down-regulation of the eCO2 effects from the early to the late season. 
In Chapter 4, data from the drought stressed trees is incorporated into the analyses. Effects 
of the drought treatment over time and with increasing drought stress levels is evaluated for 
both spatial scales (leaf vs. whole-tree) and seasonal periods (early vs. late season). 
Independent of the [CO2] treatment, monitored variables during the late season are expected 
to be more susceptible to the drought event as a result of the increasing relative importance 
of water with leaf age (Pantin et al. 2012). We predict an eCO2-induced alleviation of drought 
effects on leaf and tree functioning under moderate levels of drought stress, followed by a 
progressive diminution of mitigating effects as drought becomes more severe.  
Chapter 5 relates tree drought avoidance strategies in vivo (i.e. stomatal regulation and use 
of internal water pools) with wood anatomical traits, hydraulic drought vulnerability and 
capacitance under aCO2 and eCO2 and during the early and late season. Vulnerability and 
desorption curves were determined by bench dehydration and using the acoustic method. As 
a result of potentially increased C availability under eCO2 and consequently higher growth 
rate, we predict lower wood quality (i.e. reduction of wood density due to thinner cell walls and 
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larger vessels) in eCO2 grown trees, leading to higher xylem vulnerability and hydraulic 
capacitance.  
To conclude, Chapter 6 summarizes and integrates all findings of the PhD dissertation. Here 
I aim to answer our three original research questions (Figure 1.4a) and suggest future 
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At leaf level, elevated atmospheric CO2 concentration (eCO2) results in stimulation of 
carbon net assimilation and reduction of stomatal conductance. However, a 
comprehensive understanding of the impact of eCO2 at larger temporal (seasonal and 
annual) and spatial (from leaf to whole-tree) scales is still lacking. Here, we review overall 
trends, magnitude, and drivers of dynamic tree responses to eCO2, including carbon and 
water relations at the leaf and the whole-tree scale. Spring and early season leaf 
responses are most susceptible to eCO2, and are followed by a down-regulation towards 
the onset of autumn. At whole-tree scale, CO2 fertilization causes consistent biomass 
increments in young seedlings only, whereas mature trees show a variable response. 
Elevated CO2-induced reductions in leaf stomatal conductance do not systematically 
translate into limitation of whole-tree transpiration due to the unpredictable response of 
canopy area. Reduction in the end-of-season carbon sink demand and water-limiting 
strategies are considered the main drivers of seasonal tree responses to eCO2. These 
large temporal and spatial variabilities in tree responses to eCO2 highlight the risk of 
predicting tree behaviour to eCO2 based on single leaf level point measurements as they 
only reveal snapshots of the dynamic responses to eCO2. 
Introduction  
Atmospheric carbon dioxide (CO2) concentration ([CO2]) has been rising since pre-
industrial times (NOAA 2020) and is expected to keep increasing in the future (IPCC 2018). 
Over the past four decades, studies on the effect of elevated atmospheric CO2 
concentration (eCO2) on plant growth and functioning have been numerous (reviewed e.g. 
by Norby and Zak 2011, De Kauwe et al. 2013, Xu et al. 2016, Dusenge et al. 2019, Allen 
et al. 2020). At leaf scale, free-air CO2 enrichment (FACE) experiments have shown an 
average 31 % increase in carbon net assimilation (An) and 22 % reduction in stomatal 
conductance (gs) (Ainsworth and Rogers 2007, Dusenge et al. 2019). Although useful for 
global modelling purposes, simplification of a general tree response to eCO2 (hereafter 
‘eCO2 effects’) includes great risk for misjudging complex and dynamic eCO2 effects, 
especially in long-living plant forms (Körner 2006, Fatichi et al. 2016, Paschalis et al. 
2017). Trees, unlike other plant growth forms such as crops and grasses, develop slowly 
during multiple years and are able to grow for centuries. During tree life spans, eCO2 
effects are known to vary with size and age (temporal variability), and to depend on the 
spatial scale (leaf or whole-tree level) of the measurement (Long et al. 2004, Paschalis et 
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al. 2017, Jiang et al. 2020). Nonetheless, a comprehensive understanding of the dynamic 
character of eCO2 responses is still lacking (Paschalis et al. 2017).  
Over a single growing season, variability in the magnitude of eCO2 effects has been 
observed for more than 35 years. A pioneering study in bean (Phaseolus vulgaris) reported 
a decline in the eCO2-induced enhancement on leaf growth (Jolliffe and Ehret 1985). This 
observation was later confirmed in four poplar (Populus spp.) clones with eCO2 effects on 
leaf area and overall growth being limited to the early growth phase (Radoglou and Jarvis 
1990). Seasonal variability in eCO2 effects has been consistently observed in several tree 
species ever since (Table 2.1). Most observations indicate acclimation in leaf responses 
to eCO2 towards the end of the growing season, which may additionally be affected by 
abiotic or biotic co-variables (e.g. Goodfellow et al. 1997, Yazaki et al. 2004, Uddling and 
Wallin 2012, Urban et al. 2019). The seasonal down-regulation of the eCO2 effects can be 
related to the limited need of carbon (C) for tree development at the end of the season and 
subsequent accumulation of sugars in the leaf, thereby causing reduction in RuBisCo 
(ribulose-1,5-bisphosphate carboxylase) activity and down-regulation of the 
photosynthetic activity (Ainsworth et al. 2007, Galmés et al. 2013, Gamage et al. 2018, 
Dusenge et al. 2019). 
Temporal down-regulation of eCO2 has also been observed at longer (annual) temporal 
scales due to the inability of mature trees to develop new C sinks (e.g. for growth or 
reproduction) to allocate the C excess. This agrees with the growing body of evidence 
indicating that tree biomass production does not merely rely on C availability (Muller et al. 
2011, Sala et al. 2012, Körner 2015). As An is a key driver for tree biomass production and 
gs controls whole-tree water use, leaf responses to eCO2 can be expected to impact whole-
tree C and water relations (Figure 2.1). However, eCO2 studies integrating both leaf and 
whole-tree level measurements have reported discrepancies in the magnitude and timing 
of eCO2 effects and in their evolution over time between spatial scales (e.g. Wullschleger 
et al. 2002a, Fatichi et al. 2016, Paschalis et al. 2017). Indirect effects of eCO2, including 
soil water-savings due to reduced stomatal conductivity, stimulation of the canopy leaf 
area (LA) development and faster soil nutrient depletion, are assumed to partially explain 
discrepancies in eCO2 effects between leaf and whole-tree levels (Fatichi et al. 2016). 
Absence of a straightforward translation from the leaf to the whole-tree level (Steppe et al. 
2015), especially under eCO2 conditions, hinders the prediction of a general tree response 
to climate change based on leaf level observations (Fatichi et al. 2016; Li et al. 2018; 





Figure 2.1 Schematic representation of the carbon (C, black) and water (blue) processes at leaf (left and right-
hand side) and whole-tree (central) scale during spring and summer (green, left-hand side) and during autumn 
and winter (orange, right-hand side), including the effects of elevated atmospheric CO2 concentration (eCO2, 
in red) under non-limited water and nutrient conditions. Red arrows indicate the effects of drought and nutrient 
deficiency at the leaf scale. 
Leaf and whole-tree responses to eCO2 (- inhibition, 0 neutral effect, + stimulation), and feedbacks (fb) across 
spatial scales are displayed in red. Solid and dashed lines show direct and indirect interactions among 
responses to eCO2, respectively. Leaf scale responses include stomatal conductance (gs) and net carbon 
assimilation (An). Two horizontal red arrows at the bottom display the effects of commonly studied 
environmental co-factors on leaf level responses. 
The dynamic character of tree responses to eCO2 highlight the importance of monitoring 
leaf and whole-tree performance during the entire season and in the long-term (over 
several years) because single point observations will only reveal a partial snapshot of a 
complex and time-dependent tree response to eCO2. This temporal and spatial 
dependence of tree responses to eCO2 is, however, poorly understood and mostly ignored 
in terrestrial biosphere models (Paschalis et al. 2017), limiting our ability to predict the 
trend and magnitude of tree responses to eCO2. In this review, we therefore aimed at (i) 
describing the temporal dynamics of eCO2 effects at leaf scale C gain (An) and water loss 
(gs), (ii) compiling studies in which leaf scale responses are compared to whole-tree growth 
and water use, and (iii) discussing the potential drivers for the temporal and the spatial 
variability found in eCO2 responses. Because eCO2 effects are expected to be stronger at 
the leaf than at the whole-tree scale, An and gs responses are reviewed first before leaf 
+ An
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scale observations are upscaled and compared with whole-tree biomass and water use. 
In this review, we focus on trees because differences in the eCO2 effects across spatial 
scales are expected to be stronger than in smaller-sized plant growth forms such as annual 
grasses and crops (recently reviewed by Ainsworth and Long 2020). Compared to 
grasslands and croplands, tree-dominated systems allocate most biomass into woody 
tissues (Poorter et al. 2012b). Because of this difference, grasslands and croplands may 
differ from trees in the link between leaf and whole-plant response to eCO2. 
Seasonal eCO2 effects at the leaf scale 
Dynamics in net carbon assimilation and stomatal conductance  
As leaves develop in deciduous tree species, An and gs rapidly increase, reaching highest 
rates at full expansion followed by a steady decrease towards the end of the growing 
season and leaf senescence (Riikonen et al. 2003, Xu and Baldocchi 2003, Pantin et al. 
2012, Greer 2015, Way et al. 2017). A constant An stimulation or gs inhibition under eCO2 
would simply lead to baseline vertical shifts of these An and gs curves over time. However, 
this is rarely the case for An (Table 2.1; only 2 out of 29 cases). For instance, eCO2 
stimulation in Tilia americana foliage was largely dependent on leaf age. As for late bud-
break (July) leaves, eCO2 stimulation remained significant until the end-of-season, while 
early bud-break (June) leaves showed acclimation to eCO2 stimulation upon senescence 
(Li et al. 2019b). Likewise, the high relative abundance of young leaves, most responsive 
to eCO2, during early and mid-summer contributed to the corresponding peak of An 
stimulation at this time in several deciduous species (e.g. Curtis et al. 1995, Epron et al. 
1996, Li et al. 2019b). As leaves senesce, the decreasing number of leaves susceptible to 
eCO2 stimulation resulted in limited whole-tree photosynthetic stimulation at the end-of-
season (Figure 2.1), as consistently observed in Populus x euramericana (Curtis et al. 
1995), Betula pendula (Rey and Jarvis 1998), Fagus sylvatica (Epron et al. 1996), 
Liquidambar styraciflua (Herrick and Thomas 2003) and Tilia americana (Li et al. 2019b) 
(Table 2.1). Therefore, the magnitude of eCO2-induced stimulation of An in deciduous 





Table 2.1 Overview of studies evaluating time dependent (dynamic) or independent (non-dynamic, ND) tree responses to elevated atmospheric CO2 concentration (eCO2) at leaf and whole-tree 
scale. Dynamic responses are classified into end-of-season down-regulation (seasonal acclimation, A), or environmental induced seasonality (S). 
A series of carbon-related (net carbon assimilation An, leaf area LA, leaf area index LAI, leaf growth rate LGR, projected leaf area PLA, leaf or tree dry weight DW, tree volumetric growth rate VGr, stem 
basal area BA, tree volume V, net ecosystem carbon exchange NEE) and water-related (stomatal conductance gs, whole-tree transpiration Tr, canopy conductance gc, sap flow Sf, sap flux density Sfd, 
evapotranspiration ET) variables are compiled (subscript). Overall stimulation (+), inhibition (-) or neutral effect (0) of eCO2 is indicated (superscript). Imposed CO2 levels for the ambient (aCO2) and 
highest eCO2 treatment are shown and expressed in ppm (†CO2 levels were converted from Pa to ppm at standard atmospheric pressure, na when no concentration available). Tree age or size 






An gs Leaf Growth Tr 
Four Populus 
clones 15 cm P 350 – 700   ALA
+  ADW
+   
 Radoglou and Jarvis 
(1990) 
Populus 
grandidentata 0 yr P 361 – 707 A
+  ND-  NDLA
+  NDDW
+   
Delayed senescence 
suggested by lack of late 
season An decline 
Curtis and Teeri (1992) 
Liriodendron 
tulipifera 1-4 yr S 348 – 653 A
+  ND!     
 Gunderson et al. (1993) 
Quercus alba 1-4 yr S 348 – 653 A+  ND!      Gunderson et al. (1993) 
Picea rubens 
Sarg. 0 yr P 374 – 714 A
+  ND!     
Includes different nutrient 
and water regimes 
Samuelson and Seiler 
(1994) 
Castanea sativa 2 yr P 350 – 700 A+   NDLA+  AAn+   
Includes different nutrient 
regimes 





gram S 340 – 684 A
+   NDLA
+  NDDW
+   
Includes different nutrient 
regimes 
Curtis et al. (1995) 
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Fagus sylvatica 2 yr P aCO2 – aCO2 +350 A
+  ND!  NDLA
+  NDDW
+   
 Epron et al. (1996) 
Pinus radiata 1 yr S 375 – 632† ND+       Hogan et al. (1996) 
Nothofagus 
fusca 1 yr S 375 – 632
† A+      
 Hogan et al. (1996) 
Pinus taeda 1-2 yr P 361 – 657† A+       Lewis et al. (1996) 
Mangifera indica 1-4 yr S na – 700 S+  S-  NDDW!  NDDW+   
VPD regulates eCO2 
effects 
Goodfellow et al. (1997) 
Pinus taeda 9 yr S 358 – 741 A+  ND!     
Includes leaf age effect 
and different nutrient and 
water regimes 
Murthy et al. (1997) 
Pinus taeda 0-4 yr S 361 – 657† A+  A-  NDLA+  NDDW+    Tissue et al. (1997) 
Fagus sylvatica 2-3 yr S 
370 – 570 
A+  A-  NDDW
!  NDDW
+    Egli et al. (1998) 
Picea abies 4 yr S A+  A-  NDDW"  NDDW+   
Betula pendula  4 yr S 350 – 700 A+  ND-      Rey and Jarvis (1998) 
Pinus sylvestris 5 yr S 350 – 750 A+      
eCO2 × needle age 
interaction 
Jach and Ceulemans 
(2000) 
Three Populus 
species na S na – 544   ALGR
"    
 Ferris et al. (2001) 
Three Quercus 
species 2 yr  S 379 - 704 A
+      
Relative eCO2 response 
is species dependent  





ecosystem 3-5 yr S 360 – 710   ALAI
+    
 Hymus et al. (2002) 
Liquidambar 
styraciflua 12 yr S 394 – 538  A
-    Sgc
-  
VPD and soil water 
content  
regulate eCO2 effects 





yr S 365 – 520  ND
-    SSfd
-  
VPD and soil water 
content regulate eCO2 
effects 
Cech et al. (2003) 
Liquidambar 
styraciflua 8-12 m S 379 – 574 A
+  ND!  NDLA
0    
eCO2 × leaf age and  
eCO2 × leaf location 
interactions 
Herrick and Thomas 
(2003) 
Citrus aurantium 14 yr S aCO2 + 300 A
"  A"     




m S 362 – 556 A
+      
 Sholtis et al. (2004) 
Larix kaempferi 2 yr P 360 – 720 ND+    AVGr+   
Incudes different nutrient 
regimes 
Yazaki et al. (2004) 
Pinus sylvestris 30-33 yr S na – 730   APLA
+   ASf
-  LA x gc interaction regulates eCO2 effects 
Wang et al. (2005) 
Picea mariana 0 yr P 365 – 700† A"    A"   
 Bigras and Bertrand 
(2006) 
Pinus taeda 14 m S 386 – 582    ABA+    Moore et al. (2006) 
Four understory 
tree saplings  S 380 – 580 A
+      
 Springer and Thomas 
(2007) 
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Picea Abies > 6.5 m S 365 – 700 A+      
Temperature regulated An 
stimulation  
Uddling and Wallin (2012) 
Eucalyptus 
globulus 9.5 m S 390 – 630 A
+  ND!  NDDW
+  AV
+  
No eCO2 × temperature 
interaction 
Quentin et al. (2015) 
Fagus sylvatica 3 yr S 400 - 700 A+  ND#     
eCO2 × ultraviolet 
radiation interaction 
changes over season 
Urban et al. (2019) 
Tilia americana 2 yr P 400 – 800 A+  ND!  ALA+  AAn+   
Advanced senescence 
under eCO2 and eCO2 × 
leaf age interaction 
Li et al. (2019) 






Figure 2.2 Relative seasonal leaf scale dynamics of (a-b) net carbon assimilation rate (An) and (c-d) stomatal 
conductance (gs) of deciduous (left hand-side panels) and evergreen (right hand-side panels) tree species 
under ambient (aCO2) and elevated (eCO2) atmospheric CO2 concentration. 
Distinction between mature (black) and juvenile (green) foliage is made for evergreen species. The eCO2 effect 
over time (defined as the difference between the eCO2 and aCO2 values) in the northern hemisphere is shown 
by the filled area. This schematic does not match seasonality in southern hemisphere forests. Trends in An, 
gs, and subsequent eCO2 effect give a schematic overview summarizing observations on seasonal leaf scale 
dynamics under eCO2 (Table 2.1). An and gs dynamics are represented with a non-rectangular hyperbola 
following Xu et al. (2019) and scaled with maximal An and gs under aCO2. 
Evergreen tree species also show a seasonal and age-dependent An response to eCO2 
(Figure 2.2b). For mature (one-year old) Pinus taeda foliage, the rate of An monthly 
increase was stimulated with increasing atmospheric [CO2] during winter months (January 
– March in the northern hemisphere) (Figure 2.3a). An rates subsequently declined during 
spring (March – June) and summer (June – September) in all [CO2] treatments. Even 
though eCO2 stimulation remained significant until September, the An reduction was faster 
under highest eCO2 in spring and in both eCO2 treatments during summer (Murthy et al. 
1997). A different seasonal pattern was observed in juvenile (current-year) foliage 
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(Figure 2.3a): An gradually increased during late spring and summer under all [CO2] 
treatments, with a faster and stronger stimulation with increasing [CO2] (Murthy et al. 
1997). In all needles and measurement periods, eCO2 stimulated An, but An stimulation 
was largest in May for mature needles whereas maximal stimulation for juveniles was 
observed in September (Jach and Ceulemans 2000). When measurements were 
conducted after multiple-year exposure to eCO2, lack of An acclimation was observed over 
three (Lewis et al. 1996) and four (Tissue et al. 1997, Turnbull et al. 1998) years in juvenile 
P. taeda and P. radiata needles. In mature needles, however, down-regulation of An 
stimulation under eCO2 did occur, supporting the idea that in evergreen conifer trees eCO2 
stimulation reduces with needle age, rather than with tree age (Figure 2.2b) (Turnbull et 
al. 1998). Stimulation of An in two evergreen broadleaf trees, Nothofagus fusca and 
Eucalypus globulus, showed high resemblance with deciduous species. Maximum 
stimulation was registered in summer and early-autumn, followed by a decrease, or 
complete cessation of eCO2 stimulation in winter (Hogan et al. 1996, Quentin et al. 2015). 
Likewise, in mature Coffea arabica leaves, the eCO2 induced stimulation in An was 
stronger in summer (121 %) than in winter (45 %) (Sanches et al. 2020). 
In concert with eCO2 stimulation of An, the commonly observed gs reduction also varies 
throughout the season (Figure 2.2c,d), although a constant response of gs to eCO2 is not 
uncommon (Table 2.1; 13 out of 19 cases). In deciduous tree species, largest gs inhibition 
in Liquidambar styraciflua was observed trees in early and mid-summer, when An reached 
highest rates, followed by a reduction in eCO2 effect in late summer and autumn 
(Figure 2.3b; Wullschleger et al. 2002). In evergreen tree species, the limiting effect of 
eCO2 on gs is commonly maintained for longer periods even though its magnitude is 
smaller (Figure 2.2d; Tissue et al. 1997). This difference in stomatal eCO2 response 
between deciduous and evergreen species was also observed in Fagus sylvatica and 
Picea abies trees: in spruce, the gs reduction in the current-year shoots was only observed 
in late summer, while gs in beech reduced during late summer and autumn (Egli et al. 
1998).  
Regardless of evergreen or deciduous leaf type, the magnitude of the eCO2 response on 
gs is highly dependent on the environment as both soil and atmospheric drought influence 
the stomatal response to eCO2 (Purcell et al. 2018). With increasing vapor pressure deficit 
(VPD) or decreasing soil water content, trees reduce gs to limit water loss and prevent 
hydraulic failure (e.g., Grossiord et al. 2020; Menezes-Silva et al. 2019). The magnitude 
of gs reduction under eCO2 depends on the intensity of drought stress to which the tree is 
exposed. Mild stomatal response to eCO2 might be expected when absolute gs rates are 




can even increase under eCO2, possibly as a result of prior water-savings, challenging the 
well-established idea of consistent gs reduction under eCO2 (Purcell et al. 2018).  
 
 
Figure 2.3 Seasonal measurements of (a) net assimilation rate (An) of mature (one-year-old, black) and 
juvenile (current year, green) Pinus taeda needle cohorts under three CO2 treatments (with aCO2 being 385 
ppm) and (b) stomatal conductance (gs) of Liquidambar styraciflua under ambient (aCO2, 394 ppm) and 
elevated (eCO2, 538 ppm) CO2 growing conditions. 
Figures modified from Murthy et al. (1997) and Wullschleger and Norby (2001). 
Leaf development under eCO2  
Leaf development is crucial for light capturing, photosynthetic assimilation, and thus tree 
growth and survival. Despite some degree of discrepancy among studies, eCO2 commonly 
stimulates development of canopy LA following a greater number of leaves, an increased 
area per individual leaf, or a combination of both (reviewed by Pritchard et al. 1999; 
Table 2.1; 12 out of 15 cases). Stimulation of foliar growth by eCO2 is especially 
pronounced in early stages of leaf development. For instance, three Populus species 
showed a 13 to 30 % increase in foliar growth rate during the first week of leaf development 
under eCO2 relative to aCO2 (Figure 2.4; Ferris et al. 2001). The subsequent stage of leaf 
development was characterized by lower growth rates under both [CO2] treatments, with 
a limited stimulation and even reduced leaf growth under eCO2 relative to aCO2 (from 
+16 % to -25 %) (Ferris et al. 2001). Also in evergreen Quercus suber seedlings, leaf area, 
leaf dry weight and leaf thickness was only stimulated during the first six months of 
exposure to eCO2 conditions, after which differences in leaf morphology between [CO2] 
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treatments disappeared (Vaz et al. 2012). In a natural stand of 30-year old Pinus sylvestris 
trees, eCO2 increased the total projected foliage area by 5.7 %, 2.8 % and 2.2 % during 
three consecutive years due to an increase in needle size and number (Wang et al. 2005). 
Differences in canopy LA in this pine stand between [CO2] treatments varied over the year, 
with largest and smallest differences being observed in early summer and autumn, 
respectively. 
During the course of leaf ontogeny, leaf growth constraints are expected to switch from 
being metabolically (C) to hydraulically (water) controlled (Pantin et al. 2012). The 
relatively strong early season eCO2 effect on leaf size might be partly explained by 
stimulated An and subsequent cell division promoted by C surplus. The modest late season 
stimulation of leaf size might be driven by reduced gs and leaf water loss, improving cell 
water status and facilitating turgor-driven cell expansion (Steppe et al. 2015). Cell wall 
properties may, however, also be altered under eCO2 (Pantin et al. 2012) consequently 
affecting cell expansion. In general, an increase in cell wall extensibility is expected under 
eCO2 via expression of cell-wall loosening genes and down-regulation of secondary wall 
construction enzymes (Gamage et al. 2018). Increased cell wall extensibility was, 
however, only observed in young but not in old Populus ´ euramericana leaves under 
eCO2 (Taylor et al. 2003). The absence of late season eCO2-induced stimulation of leaf 
growth, despite the above-mentioned improved cell water status, might be the result of a 
decrease in cell wall extensibility, precluding turgor-driven cell expansion (Lockhart 1965).  
 
 
Figure 2.4 Individual (a) leaf area and (b) leaf growth rates of Populus euramericana, P. nigra, and P. alba 
over time under ambient (aCO2) and elevated (eCO2, 550 ppm) CO2 growing conditions. 




From leaf to whole-tree scale under eCO2  
Canopy area  
Scaling leaf observations to the whole-tree and ecosystem scale is crucial to predict global 
C exchange in terrestrial biosphere models (Fatichi et al. 2016, Wu et al. 2016). This 
requires detailed information on canopy LA development and its dependence on biotic and 
abiotic conditions including CO2 levels (Ewert 2004). Canopy LA generally increases under 
eCO2 (Figure 2.1 and 2.5a; Table 2.1; 12 out of 15 cases). However, most of these 
observations have been obtained from growing seedlings planted in growth chambers or 
greenhouses, where atmospheric [CO2] can be easily manipulated. Methodological 
feasibility has therefore resulted in a biased understanding of leaf and canopy 
development under eCO2, which might hinder extrapolation to natural forests (Becklin et 
al. 2017). In the few cases where natural mature systems have been studied, the 
magnitude of the leaf area index (LAI) response to eCO2 is smaller and observations are 
contradictory (Figure 2.5b, Table 2.2). Leaf area index increased under eCO2 in two 
hardwood forests (McCarthy et al. 2007, Uddling et al. 2008), a scrub-oak ecosystem 
(Hymus et al. 2002) and in Populus spp. (Liberloo et al. 2006) and Citrus spp. (Kimball et 
al. 2007) plantations. Contrastingly, a neutral eCO2 effect on LAI has been reported in a 
deciduous L. styraciflua forest (Norby et al. 2003) and a native evergreen Eucalypus 
woodland (Duursma et al. 2016), whereas even LAI reductions were transiently observed 
in a mixed temperate forest (Asshoff et al. 2006) (Table 2.2, Figure 2.5a,b). Correct 
estimation of LAI remains therefore essential to determine light interception throughout 
different canopy layers and thus whole-tree dynamics under eCO2 (Duursma and Mäkelä 
2007). In this line, and for experimental simplicity, substantial literature regarding the effect 
of eCO2 on leaf photosynthesis is performed under light saturating conditions independed 
of leaf light availability (e.g. Ainsworth and Rogers 2007, Reich et al. 2018, Crous et al. 
2021) hence resulting in highest values of potential photosynthetic simulation. 
Nevertheless, stimulation in leaves located in lower canopy layers might be substantially 
smaller, as photosynthetic rates might be limited to a greater extent by the rate of light 
reactions, required for the regeneration of Ribulose 1,5-bisphosphate (RuBP). For 
instance, the relative stimulation of An in shade leaves of 7-11 m tall Liquidambar 
styraciflua trees was only half of the stimulation in sun leaves (Herrick and Thomas 1999). 
Likewise, for two Populus clones, stimulation of whole canopy photosynthesis under eCO2 
could largely be attributed to the increase of LAI rather than by enhanced leaf-level 
stimulation (Chen et al. 1997). Correspondingly for plant water use, increased LAI resulted 
in higher self-shading in Quecus myrtifolia trees and a consequent inhibition of whole-tree 
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transpiration as an indirect effect of eCO2 while stomatal regulation remain unaltered (Li 
et al. 2003). 
 
 
Figure 2.5  Relative whole-tree seasonal dynamics of the (a-b) leaf area index (LAI), (c-d) tree biomass (BM), 
and (e-f) tree transpiration (Tr) under ambient (aCO2) and elevated (eCO2) atmospheric CO2 concentration for 
relatively CO2-susceptible (seedling, left hand-side panels) and less susceptible (mature, right hand-side 
panels) deciduous tree species.  
The eCO2 effect over time (i.e., difference between eCO2 and aCO2 values) in the northern hemisphere is 
shown by the filled area. This schematic does not match seasonality in southern hemisphere forests. Trends 
in LAI, BM, and T illustrate a simplified and schematic overview, recapitulating observations on seasonal 
whole-tree dynamics under eCO2 (Tables 2.1 and 2.2). LAI and BM dynamics are represented with a single 
(BM) or combined sigmoid growth curve, T dynamics are represented with a non-rectangular hyperbola 
following Xu et al. (2019). All variables are scaled relative to maximal values under aCO2.  
Under changing climate conditions, leaf phenology (i.e. leaf unfolding, senescence, and 
life span) might also be altered, affecting the relationship between leaf scale 
measurements and whole-tree annual performance (Sigurdsson 2001a). Three decades 




growing season due to an earlier spring leaf unfolding and a delayed autumn senescence 
(Piao et al. 2019). Increased temperature is assumed to be the most important regulator, 
but also soil nutrient availability, precipitation shifts and atmospheric [CO2] are used to 
explain changes in canopy phenology (Cleland et al. 2007, Ge et al. 2015, Gill et al. 2015, 
Piao et al. 2019). In any case, current understanding of the response of canopy phenology 
to eCO2 remains limited. Only a mild or neutral effect of eCO2 on bud-break timing has 
been observed (e.g. Epron et al. 1996, Jach and Ceulemans 1999, Cavender-Bares et al. 
2000, Sigurdsson 2001a, Bigras and Bertrand 2006), while the onset of autumn leaf 
senescence can be either delayed (Cavender-Bares et al. 2000, Taylor et al. 2008, 
Duursma et al. 2016) or accelerated (Figure 2.5a,b; Li et al. 2019b; Sigurdsson, 2001a) 
under eCO2.  
Tree biomass production and water use 
While there is general consensus that gross primary production (GPP) is enhanced by 
eCO2 at leaf and tree canopy scale (Table 2.1 and 2.2), parallel increases in net primary 
production (NPP) in mature trees and in environments with nutrient and water limitations 
are far less certain (Norby et al. 2016), with only five of the seventeen eCO2 experiments 
compiled in Table 2.2 reporting an overall NPP stimulation. As a result of stimulated 
photosynthesis and carbohydrate availability under eCO2, most studies performed on 
seedlings and young growing trees found an increase in stem or branch growth (Pritchard 
et al. 1999, Moore et al. 2006, Dawes et al. 2014). Growth can be stimulated under eCO2 
throughout the growing season (Moore et al. 2006, Quentin et al. 2015), but especially 
during spring and early summer (Figure 2.5c), when photosynthetic stimulation is stronger 
(Figure 2.2a,b) (Radoglou and Jarvis 1990, Yazaki et al. 2004). 
However, discrepancies between leaf An stimulation and the wide range of growth 
responses in mature trees under eCO2 (Table 2.2) suggest that assimilated C can be 
allocated to different sinks, with C sequestration (biomass production) being just one of 
them (De Lucia et al. 2007, Collalti and Prentice 2019). For example, eCO2 had a neutral 
effect on stem basal area of five 35-m tall deciduous tree species (Asshoff et al. 2006); 
110-year-old Picea abies did not show eCO2-induced stimulation in tree growth or foliar 
and fine root production (Klein et al. 2016); and aboveground NPP in Eucalyptus trees, 
integrating foliar and wood growth, did not change under eCO2 (Ellsworth et al. 2017) 
(Figure 2.5b,d). Because eCO2 commonly stimulates foliar photosynthetic capacity, GPP 
did increase in these eCO2 experiments (Table 2.2) pointing towards a missing C sink. 
The fate of this C surplus, taken up by the tree but not invested in growth metabolism, 
remains largely unknown (De Kauwe et al. 2014). Only recently, the first ecosystem C-
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budget has been closed after a four-year FACE experiment performed in Eucalyptus trees. 
This indicated that despite the GPP stimulation at the canopy scale, parallel enhancement 
of ecosystem respiratory fluxes resulted in homeostatic ecosystem NPP (Jiang et al. 
2020). Enhanced C transport belowground and rapid soil C turnover (Drake et al. 2011) 
resulted in greater soil (mostly heterotrophic) respiration, which accounted for half of the 
C surplus. In addition, autotrophic respiration could also constitute a significant sink of the 
C surplus (reviewed by Dusenge et al. 2019). Tree respiration consumes a large portion 
of total tree C gain, with NPP:GPP ratios ranging from 0.22 to 0.79 (Collalti and Prentice 
2019), and largely determining tree and ecosystem C use efficiency (Valentini et al. 2000, 
Piao et al. 2010, Drake et al. 2016, 2019). Notwithstanding, we poorly understand how 
respiration responds to eCO2 at the whole-tree scale, which seems to be highly variable in 
relation to abiotic and biotic drivers determining overall tree metabolism, supply of 
respiratory substrates and demand for respiratory products (Smith 2017, Dusenge et al. 
2019, Salomón et al. 2019). Therefore, studies in mature forests suggest C-saturation 
(possibly induced by nutrient or water limitation; Fatichi et al. 2014) for tree growth under 
eCO2 and question the commonly accepted predominance of C supply as a controlling 
driver for biomass production (Körner 2015, Jiang et al. 2020).  
Predictions of limited whole-tree water use under eCO2 conditions are endorsed by 
observations of reduced gs at the leaf scale (Table 2.1). Nonetheless, no straightforward 
translation exists between leaf and whole-tree water use, since the latter is largely affected 
by canopy LA (Figure 2.1; Fatichi et al. 2016; Tor-ngern et al. 2015). A modelling study on 
eCO2 effects across a variety of ecosystems, highlighted the contrast between leaf scale 
gs reductions (-5 to -15 %) and the roughly homeostatic whole-tree water use (0 to  -5 %) 
under eCO2 (Fatichi et al. 2016). Only when eCO2 induces a sufficiently strong reduction 
in leaf gs, which outweighs the potential stimulation in canopy LA or potentially greater 
atmospheric evaporative demand, a water-saving effect can be expected at the whole-tree 
scale (Norby and Zak 2011, Fatichi et al. 2016). From the eCO2 experiments compiled in 
Table 2.2, four, four and three studies reported increased, neutral and reduced whole-tree 
water use, respectively. This highlights the current uncertainty regarding the effect of eCO2 
on tree water use (i.e. canopy transpiration quantified as sap flow), which might be largely 
dependent on site-specific conditions. For instance, in an Eucalyptus woodland, canopy 
LA did not respond to eCO2 (Duursma et al. 2016), gs reduction was limited to non-drought-
stress periods (Gimeno et al. 2016), but tree transpiration on yearly basis remained 
unaffected (Gimeno et al. 2018). In a mixed P. tremuloides and B. papyrifera forest, eCO2 
had a highly variable effect on gs (Darbah et al. 2010) and LAI stimulation led to an overall 




Table 2.2 Overview of leaf (stomatal conductance gs, net carbon assimilation An) and whole-tree (canopy area L, growth and transpiration Tr) responses (neutral response 0, inhibition -, 
stimulation +) under elevated atmospheric [CO2] (eCO2). The compiled dataset consists of free soil CO2 enrichment experiments of more than one year in duration, for which leaf and whole-tree 
measurements are available. Experimental eCO2 target concentrations (eCO2, ppm) and species or ecosystem under investigation are indicated. Three experimental set-ups are distinguished: 
closed treatment chambers (CTC), free-air CO2 enrichment (FACE) and open-top treatment chambers (OTC). 
Site Species or ecosystem Set-up and eCO2  
Leaf Tree 
References 
An gs L G Tr 
Aspen FACE 
Mixed northern  
hardwood 
plantation 
FACE 560 ppm + 2 - to + 2 + 1 + 1 + 1 
1Uddling et al. (2008), 2Darbah et al. 
(2010) 
Birmensdorf Fagus sylvatica   and Picea abies OTC 590 ppm + 
1 - 1 0 to + 1, 2 - to + 1,2,3 -1 to + 2 
1Egli et al. (1998), 2Sonnleitner et al. 












0 to + 2 - to 0 2 0 1 0 4 0 3 
1Duursma et al. (2016), Gimeno et 
al. 2(2016), 3(2018), 4Ellsworth et al. 
(2017) 






+ 3 - 1,4 + 2,5  0 5 
1Herrick et al. (2004), 2McCarthy et 
al. (2007), 3Ellsworth et al. (2012), 
4Ward et al. (2013), 5Tor-ngern et 
al. (2015) 
Flakaliden Picea abies CTC 700 ppm + 2 0 1,2 + 2 0 2 0 to + 1,2 
1Hasper et al. (2016), 2Klein et al. 
(2016) 
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Glendevon Alnus glutinosa OTC 700 ppm + 1  0 1 + 1  1Temperton et al. (2003) 
Gunnarsholt Populus 
trichocarpa CTC 700 ppm + 
2,3 0 2,3 0 to + 1  0 to + 4   Sigurdsson, 
1(2001a), 2(2001b), 
3(2002), 4Sigurdsson et al. (2001) 
Mekrijärvi Pinus sylvestris CTC 600 ppm + 2 - 3  + 1  
1Peltola et al. (2002), Wang et al. 
2(1995), 3(1997) 
Merritt Island Shrub-Oak ecosystem OTC 
+ 350 
ppm 0 to +
1,5 -6 +3,6 0 to + 2,4,7  
1Ainsworth et al. (2002), 2Dijkstra et 
al. (2002), Hymus et al. 3(2002), 
4(2003), Li et al. 5(1999), 6(2003), 
Seiler et al. 7(2009) 





0 to + 3,4 - to 0 1 0 2  - 1 
1Wullschleger et al. (2001), 2Norby 
et al. (2003), 3Sholtis et al. (2004), 




plantation  FACE 550 ppm + 
3,4 - 5,6 + 1,2,3 0 to + 2,3 + 6 
1Ferris et al. (2001), Liberloo et al. 
2(2005), 3(2006), 4(2007), Tricker et 
al. 5(2005), 6(2009) 
SCBG Subtropical forest OTC 700 ppm + 
2 - 2   + 1,3  
1Deng et al. (2010, 2Li et al. (2013), 
3Liu et al. (2011) 





+ 2 - 3 0 to + 1 0 to + 1  
Riikonen et al. 1(2004), 2(2005), 
3(2008) 














+ 4 0 2  0 to + 2,3 0 to + 1,3  
1Johnson et al. (1998), 2Maherali et 
al. (2000), 3Tingey et al. (1996), 
4Tissue et al. (1999) 




+ 1 0 to + 1 + 2 + 1,2  






FACE 550 ppm + 1 0 3 - to + 2 0 to + 2 - 4 
1Zotz et al. (2005), 2Asshoff et al. 
(2006), 3Keel et al. (2007), 
4Leuzinger et al. (2007) 
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Likewise, transpiration in Populus trees increased as a result of enhanced canopy LA despite 
a gs reduction observed at the leaf scale (Tricker et al. 2009). In a mixed hardwood forest, gs 
reduction compensated canopy LA increase, leaving tree transpiration unaffected under eCO2 
(Ward et al. 2013, Tor-ngern et al. 2015). In a L. styraciflua stand, eCO2 reduced both gs and 
tree transpiration (Wullschleger and Norby 2001).  
Adding further complexity, the response of gs, tree transpiration and canopy LA to eCO2 varies 
over time (Figure 2.2 and 2.5; Wullschleger et al. 2002a, Wang et al. 2005, Tor-ngern et al. 
2015). During a single growing season, gs and canopy conductance gc (calculated from the 
Penman–Monteith equation) in L. styraciflua trees showed different behaviour, with relatively 
stronger eCO2-induced reductions in gs and a more variable gc response, largely dependent 
on environmental factors (Wullschleger et al. 2002a). Inter-annual variability has also been 
reported: transpiration in P. sylvestris was enhanced during the first year of eCO2 exposure 
as a result of an increase in canopy LA, but during the two following years transpiration was 
reduced as result of a relatively larger reduction in gs and gc (Figure 2.5e,f; Wang et al. 2005). 
Attenuation or alteration of leaf scale responses at the whole-tree scale highlight the 
importance of combining measurements at different spatial scales to realistically predict tree 
hydraulic regulation under eCO2 (Wullschleger et al. 2002a, Norby and Zak 2011). 
Drivers of temporal variability in eCO2 responses 
Carbon balances drive patterns under well-watered conditions 
Under unlimited water availability, two drivers can be identified to explain temporal variability 
in the CO2-fertilization effects on tree functioning. Firstly, eCO2 shifts the balance between C 
sources and C sinks throughout the season (Figure 2.1, see seasonal positive and negative 
feedbacks in relation to C sink strength). Increased atmospheric CO2 availability promotes 
photosynthesis providing additional C to the tree. During the early season vegetative stages, 
growth and development of different tree organs (leaves, stem, roots and seeds) increase C 
sink activity (Gamage et al. 2018). Carbon costs associated to reproductive processes, 
especially in fruiting trees, can also result in a seasonal increase in C sink demand, which 
largely varies throughout plant ontogeny (e.g. Fujii and Kennedy 1985, Ribeiro et al. 2012, 
Mund et al. 2020, Tixier et al. 2020). As a result, the intensity of the eCO2-induced An 
stimulation in Jatropha curcas (Kumar et al. 2014) and Coffea arabica (Rakocevic et al. 2020) 
increased during flowering and fruit ripening. When C sink demand is reduced, e.g. by 
stoichiometric constraints or environmental drivers, tree growth ceases and sugar 




2015; Li et al. 2019b) resulting in a negative feedback (Figure 2.1). Carbon sink limitation to 
growth is more likely to occur at the end of the season, for instance due to cooler temperatures 
or after completion of genetically controlled phenological phases of wood formation, hereby 
resulting in attenuated eCO2 stimulation of photosynthesis along the season (Figure 2.1). 
Secondly, attenuation of the CO2-fertilization effect might result from acclimation to new 
developing conditions when other factors become more limiting for photosynthesis and 
growth, particularly nutrient deficiency (Sigurdsson et al. 2013), possibly induced or 
accelerated under eCO2 by the stimulated growth and hence nutrient demand (Figure 2.1). 
Down-regulation of An stimulation under eCO2 may result from decreasing nitrogen (N) content 
in the leaf (Long et al. 2004), as photosynthetic proteins constitute a large fraction of leaf N, 
with RuBisCo accounting for 20 % of it (Evans and Clarke 2019). Along the season, especially 
under eCO2 conditions, leaves can accumulate a disproportionate amount of sugars, leading 
to a C:N imbalance and potentially limiting An (Long et al. 2004, Agüera and De la Haba 2018). 
Down-regulation of An can therefore be more pronounced in soil N-limited conditions (Reddy 
et al. 2010, Dusenge et al. 2019). Reduced N availability will also trigger N relocation from 
mature to young leaves, as reflected by a decrease in chlorophyll and carotenoid mass-based 
concentration with leaf aging, and a higher efficiency of new leaves in utilizing absorbed 
photons to yield chemical energy (Wujeska-Klause et al. 2019). However, soil N content might 
not be the most important factor determining tree nutrient limitation, since symbiotic 
association with fungi may determine to a larger extent tree´s capacity to take up N and P 
available in the soil in different forms. Accordingly, it has been observed that  trees with 
ectomycorrhizal fungi increase N uptake, hereby enabling CO2 fertilization and enhancing 
biomass production despite low soil N availability (Terrer et al. 2016). Although comparatively 
less studied, leaf phosphorus (P) content is also a key determinant of photosynthetic 
performance. Compiled data from 314 species suggests that the positive slope of the 
photosynthetic capacity with increasing soil N content will be affected by P availability, with a 
flatter slope under low P levels (Reich et al. 2009). This is because P limitation will reduce 
RuBisCo carboxylation activity, regeneration of ribulose-1,5 bisphosphate (RuBP), CO2 
diffusion across stomata and mesophyll and the energy transfer to photosystem II (Pandey et 
al. 2015). According to this observation, stimulation of tree growth (in terms of canopy LA and 
dry biomass) by eCO2 in Eucalyptus seedlings was positively correlated with the increasing 
treatment levels of soil P supply (Duan et al. 2019).  
Water-restraining strategies take over under drought 
When facing drought, trees need to balance the risk of drought-induced hydraulic failure and 
C starvation to survive (McDowell et al. 2008, Körner 2019), inevitably affecting all leaf and 
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tree C related processes. Any potential CO2 fertilization effect on tree physiology can therefore 
drastically change when water becomes limiting (e.g. Warren et al. 2011, Birami et al. 2020). 
Water, along with C, is necessary to regulate leaf development and growth (Pantin et al. 2012). 
Especially mature leaves are highly dependent on water availability, as these are relatively 
prone to wilt when the tree is exposed to drought stress. In comparison, young leaves appear 
to be more drought-tolerant and maintain high levels of cell turgor under moderate drought 
stress as a result of better osmotic adjustment (Pantin et al. 2012).  
Since stomatal closure is the main mechanism for trees to limit water losses and avoid 
hydraulic failure (Martínez-Vilalta and Garcia-Forner 2017), drought stress commonly results 
in gs reduction (Sperry 2000). Stomatal closure reduces gas exchange and lowers [CO2] in 
sub-stomatal cavities, hence imposing C restrictions to An (Flexas and Medrano 2002). When 
facing drought under eCO2, stomatal limitations to An might be alleviated under eCO2 as higher 
sub-stomatal [CO2] will be maintained for a given gs in comparison to aCO2 conditions 
(Menezes-Silva et al. 2019). As a result, relative eCO2-induced stimulation of An can increase 
under moderate drought stress as observed in Mangifera indica trees, where An stimulation 
was greatest during the dry season (Goodfellow et al. 1997). Nevertheless, eCO2 could be a 
disadvantage as drought stress proceeds. Due to structural overshoot (Jump et al. 2017) or 
altered xylem characteristics (e.g. increased vessel diameter or reduced wood density) 
(Domec et al. 2017), eCO2 grown trees might be more susceptible to xylem embolism and 
hydraulic failure than trees grown under aCO2 (Menezes-Silva et al. 2019). In P. tremula 
seedlings, the reduction in canopy conductance with increasing VPD was faster under eCO2, 
suggesting higher embolism vulnerability to atmospheric drought stress (De Roo et al. 2020a). 
In 19-year-old L. styraciflua trees, extreme summer drought lowered whole-tree transpiration 
under both aCO2 and eCO2, but reductions in hydraulic conductance following xylem 
embolism occurred faster under eCO2, leading to stronger limitations in gc and GPP, and 
premature leaf senescence (Warren et al. 2011). Similarly, under moderate drought stress, 
eCO2 improved leaf scale water use efficiency in P. halepensis seedlings, but any favorable 
effect of eCO2 vanished as drought stress progressed (Birami et al. 2020). Improving the 
characterization of the role of eCO2 in mitigating or amplifying drought stress responses 
remains therefore critical to assess future tree behaviour and survival (Menezes-Silva et al. 
2019).  
Conclusion and future research 
This review highlights the variability in magnitude and direction of the eCO2 effect on tree 




tree scale) as a result of complex interactions among tree C source-sink balance, nutrient and 
water availability, as well as developmental, reproductive and ontogenetic processes. The 
widespread temporal variability in the response to eCO2 across a variety of tree species 
(Table 2.1), clearly indicates that assessment of leaf and tree behaviour under eCO2 cannot 
be limited to single point measurements as these only provide a snapshot of the dynamic tree 
functioning under future [CO2] growing conditions. Future studies that aim to better capture 
tree responses to eCO2 in the longer term should therefore cover different seasons and 
developmental stages, preferably at a high temporal resolution. Moreover, large discrepancies 
between leaf and whole-tree eCO2 effects (Table 2.2) indicate the limited ability of gs and An 
measurements to describe whole-tree responses to eCO2. To improve predictions of 
vegetation C storage under climate change scenarios, temporal and spatial variability in eCO2 
effects should be considered in tree and ecosystem models. For this, representation of 
different leaf developmental stages, with different photosynthetic susceptibility to eCO2, would 
improve estimates of leaf An and whole-tree GPP stimulation in the long term. Moreover, 
refinement of algorithms determining dynamic C allocation patterns (rather than constant 
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Elevated atmospheric CO2 concentration (eCO2) commonly stimulates net leaf assimilation, 
decreases stomatal conductance and has no clear effect on leaf respiration. However, effects 
of eCO2 on whole-tree functioning and its seasonal dynamics remain far more uncertain. To 
evaluate temporal and spatial variability in eCO2 effects, one-year-old European aspen trees 
were grown in two treatment chambers under ambient (aCO2, 400 ppm) and elevated (eCO2, 
700 ppm) CO2 concentrations during an early (spring 2019) and late (autumn 2018) season 
experiment. Leaf (stomatal conductance, net carbon assimilation and leaf respiration) and 
whole-tree (stem growth, transpiration and stem CO2 efflux) responses to eCO2 were 
measured. Under eCO2, carbon assimilation was stimulated during both the early (1.63-fold) 
and late (1.26-fold) season. Stimulation of carbon assimilation changed over time with largest 
increases observed in spring when stem volumetric growth was highest, followed by late 
season down-regulation, when the increase in stem volumetric growth ceased. The neutral 
eCO2 effect on stomatal conductance and leaf respiration measured at leaf scale paralleled 
the unresponsive canopy conductance (derived from sap flow measurements) and stem CO2 
efflux measured at tree scale. Our results highlight that the seasonal variability in carbon 
demand for tree growth substantially affects the magnitude of the response to eCO2 at both 
leaf and whole-tree scale.  
Introduction  
Atmospheric CO2 concentration ([CO2]) has been rising rapidly since the industrial revolution 
(NOAA 2020), causing an overall increase in global mean air temperature and more irregular 
patterns in the hydrological cycle, hence challenging forests to grow and survive in 
increasingly harsh environments (Menezes-Silva et al. 2019). Forests are however expected 
to partially mitigate climate change effects (IPCC 2018) as ~30 % of the anthropogenically 
emitted CO2 is taken up through plant photosynthesis (Pugh et al. 2019). To better predict 
ongoing climate change, it is therefore essential to understand forests’ ability to sequester 
carbon (C) and survive under future climate conditions (Cernusak et al. 2019, Anderegg et al. 
2020).  
Elevated atmospheric [CO2] (eCO2) commonly stimulates net carbon assimilation (An) and 
decreases stomatal conductance (gs) at the leaf scale (Ainsworth and Rogers 2007, Ainsworth 
and Long 2020). More uncertainty exists on the response of leaf respiration (RL) under eCO2 
conditions (Dusenge et al. 2019), precluding closure of leaf C budgets. Studies on RL have 
been contradictory, with reports of a positive (e.g. Wang et al. 2001), negative (da Silva et al. 
2017) or neutral  (e.g. Hamilton et al. 2001, Aspinwall et al. 2017) response to eCO2. The effect 
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of eCO2 on leaf scale processes (An, gs and RL) has been the main focus of eCO2 research 
over the past three decades. Nevertheless, whole-tree responses to eCO2 determine 
ecosystem C and water fluxes to a greater extent, and have been comparatively overlooked 
(Figure 1.3, Becklin et al. 2017). Predictions of whole-tree behaviour under eCO2 based on 
leaf scale observations have resulted in large discrepancies (Chapter 2, Table 2.2). For 
instance, eCO2-induced stimulation of An does not consistently translate into greater biomass 
production, especially in mature forests, suggesting C availability is not necessarily the most 
limiting factor for tree growth (Körner 2003, 2015, Palacio et al. 2014). Along the same line, 
regulation of the respiratory metabolism at the whole-tree scale under eCO2 remains quite 
uncertain (Smith 2017, Dusenge et al. 2019) despite its crucial role to determine tree and 
ecosystem net primary production (Valentini et al. 2000, De Lucia et al. 2007, Collalti and 
Prentice 2019). For instance, increase in gross primary production in a dry Eucalyptus 
woodland free air CO2 enrichment (FACE) experiment did not increase net primary production 
due to parallel stimulation of ecosystem respiratory fluxes (Jiang et al. 2020). Similarly, four 
years of eCO2 exposure in a 100-year-old mixed forest did not result in an increased stem 
growth (Asshoff et al. 2006) despite stimulation of An at the leaf scale (Zotz et al. 2005). The 
same idea applies to water relations. Reductions in gs under eCO2 do not necessarily result in 
water use limitations at the whole-tree scale due to large dependence of whole-tree water use 
on canopy leaf area (LA), where potential LA stimulation under eCO2 can offset the decrease 
in leaf scale water loss (Tor-ngern et al. 2015, Fatichi et al. 2016). As a result, whole-tree 
water use might decrease (Wullschleger and Norby 2001), increase (Tricker et al. 2009) or 
remain unaffected (Ward et al. 2013, Tor-ngern et al. 2015) under eCO2 regardless of the 
stomatal behaviour at the leaf scale.  
Besides the spatial variability, leaf and tree responses to eCO2 (hereafter ‘eCO2 effects’) are 
also dynamic over time. The magnitude and direction of eCO2 effects vary with leaf age and 
over a single growing season (Chapter 2). Seasonal canopy and root development, stem 
biomass production, reproduction, leaf senescence and growth cessation shift the balance 
between C sources and sinks year-round, affecting tree responsiveness to eCO2 and feedback 
mechanisms. As a result, in well-watered Eucalyptus globulus trees, eCO2-induced stimulation 
of An was stronger in summer (+46 %) than in winter (+14 %) (Quentin et al. 2015), and in Tilia 
americana trees An stimulation was variable with leaf age and across the season, with 
strongest eCO2 effect during spring and in young leaves (Li et al. 2019b). Time-dependent 
stimulation of An under eCO2 also translated into a dynamic stimulation of stem and whole-
tree growth, with stronger eCO2 effects during spring and summer compared to autumn and 
winter (e.g. Yazaki et al. 2004, Bigras and Bertrand 2006). Similarly, the magnitude of gs 




reductions during early and mid-summer, after which the eCO2 effect dwindled towards the 
onset of autumn (Tissue et al. 1997, Wullschleger et al. 2002a). Nonetheless, gs reduction 
under eCO2 is not always observed (Xu et al. 2016) and the effect of eCO2 on gs can 
substantially differ depending on the exposure time to eCO2 (Medlyn et al. 2001), the 
functional plant type (evergreen vs. deciduous plant species; Medlyn et al. 2001, Dusenge et 
al. 2019) and the environmental conditions, in particular water availability (Goodfellow et al. 
1997), making stomatal behaviour under eCO2 more difficult to predict.  
Further exploration of eCO2 effects at a fine temporal resolution (on a sub-daily basis) reveals 
complex interactions among plant water and C relations (Steppe et al. 2015). At leaf scale, 
highly resolved measurements under eCO2 have shown sub-daily variability in leaf expansion 
rate of Populus (Walter et al. 2005) and species-specific (for P. tremula, P. tremuloides and 
Sambucus racemosa) temporal shifts of the daily maximum gs during the day (Batke et al. 
2020), all affecting sub-daily water and C budgets. Nonetheless, sub-daily dynamics in whole-
tree processes under eCO2 remain relatively unexplored (Wullschleger and Norby 2001, 
Tricker et al. 2009, Dawes et al. 2014). In 36-year-old Larix decidua trees, daily stem shrinkage 
measured with point dendrometers was reduced under eCO2, presumably as a result of 
altered stem water flow and storage under eCO2 (Dawes et al. 2014). In Liquidambar 
styraciflua trees, a general sap flow (SF, as proxy of transpiration) reduction was observed 
under eCO2 throughout diurnal hours (Wullschleger and Norby 2001). Contrastingly, in a 
P. x euramericana stand and on days with high atmospheric water demand, increased canopy 
LA under eCO2 resulted in stimulation of SF, but effects were larger before noon than during 
the afternoon (Tricker et al. 2009). Although largely unexploited to date, sub-daily dynamics 
in stem diameter variations, whole-tree water use as a proxy for transpiration and stem CO2 
efflux under current and future CO2 regimes might provide novel insights in eCO2-induced 
alterations in tree C and water relations.  
The objective of this study was to assess variability in eCO2 effects on leaf and whole-tree 
physiology during two seasonal stages: start and end of the growing season. To this end, one-
year-old European aspen (Populus tremula L.) trees were subjected to ambient (aCO2) and 
elevated (eCO2) atmospheric [CO2] in two subsequent growing seasons. Point leaf 
measurements (An, gs and RL) and continuous stem measurements (stem diameter variations, 
SF and stem CO2 efflux) were used to evaluate the temporal and spatial variability in leaf and 
tree responses to eCO2. We hypothesized that (i) eCO2 will stimulate leaf An and overall 
respiration as a consequence of increased tree growth, and will reduce leaf gs and hence 
whole-tree water use, (ii) leaf scale processes will be more susceptible to eCO2 than whole-
tree processes, and (iii) stronger eCO2 effects will be observed at the beginning of the growing 
season, followed by a down-regulation towards the onset of autumn. 
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Material and methods 
Plant material and experimental set-up 
Approximately fifty one-year-old European aspen (Populus tremula L.) trees were planted 
before onset of the 2018 and 2019 growing seasons (day of year (DOY) 78-79). Trees were 
randomly distributed between two treatment chambers and grown under ambient (400 ppm, 
hereafter aCO2) or elevated (700 ppm, hereafter eCO2) [CO2]. Additionally, temperature (T), 
relative humidity (RH) and photosynthetic active radiation (PAR) inside the treatment chamber 
were continuously monitored (see Chapter 1 for a detailed overview of the experimental set-
up).Early and late season responses to eCO2 were studied in 2019 and 2018, respectively. 
During the 2019 growing season, measurements were conducted from the onset of leaf 
development (early May, DOY 121) until leaves were fully mature in mid-summer (late July, 
DOY 209) (hereafter early season experiment “ESE”). During the 2018 growing season, 
measurements were conducted from mid-summer (late July, DOY 211) to leaf senescence 
(late September, DOY 273) (hereafter late season experiment “LSE”). After the measurement 
period, trees were harvested (DOY 209 and 288 for ESE and LSE, respectively). Stems were 
cut above pot soil level and leaves and stems (including branches) were manually separated. 
Roots were manually dug out and the remaining soil fraction was removed by rinsing of the 
roots. All tissues were air dried for three months to quantify leaf, root and stem (including 
branches) dry biomass. 
Point measurements 
Point measurements were conducted on five trees per treatment chamber. A young fully 
developed leaf from the middle canopy was randomly selected for measurement of light-
saturated net carbon assimilation (An) and stomatal conductance (gs), with PAR of 1500 
μmol m-2 s-1 according to the maximal midday PAR registered on sunny days, and leaf 
respiration (RL) under dark conditions. Note that values of light saturated An better reflect 
estimates of photosynthetic capacity rather than actual photosynthetic rates. Measurements 
were registered after stabilization of CO2 exchange rates (5 to 10 minutes), and were 
conducted using a portable gas exchange system (Li-6400, Li-Cor Inc., Lincoln, Nebraska, 
USA) set at treatment chamber [CO2] (400 or 700 ppm for aCO2 and eCO2, respectively) and 
at prevailing chamber temperature. Additionally, xylem water potential (Ψxylem) of the same 
trees was measured using a pressure chamber (Model 600, PMS Instrument Company, 
Corvallis, OR, USA) in one mid-canopy leaf loosely covered with aluminium foil for at least 




performed around midday (between 11:00 h and 15:00 h). Frequency of the measurements 
varied from once fortnightly (DOY 130 to 167) to once weekly (DOY 168 to 209) along the 
course of ESE, and twice per week (DOY 214 to 257) during LSE followed by a final 
measurement on DOY 270. In addition, pre-dawn water potential (Ψpd) was measured four 
and five times during ESE and LSE, respectively.  
Continuous measurements 
Water and C relations of the same trees selected for point measurements were monitored 
using plant sensors. Radial stem volumetric diameter variation (ΔD) was measured with linear 
variable displacement transducers (LVDT, model DF5.0, Solartron Metrology, Leicester, UK) 
installed on the bark at an approximate height of 30 cm above (pot) soil level. At the time of 
LVDT installation, initial stem diameter was 4.98 ± 0.50 mm and 4.44 ± 0.28 mm during ESE 
(DOY 121) and 9.18 ± 0.57 mm and 10.67 ± 0.72 mm during LSE (DOY 211) under aCO2 and 
eCO2, respectively (n = 5). Daily radial stem volumetric growth (DG) was calculated as the 
difference in maximum stem diameter, commonly registered at predawn, between two 
consecutive days. Daily radial stem shrinkage (DS) was defined as the difference between 
daily maximum and minimum stem diameter, commonly registered at predawn and during 
high-transpiration hours (between 10:00 h and 18:00 h), respectively. 
Sap flow (SF) rate in three (ESE) and four (LSE) trees per treatment chamber was measured 
using EXO-Skin sensors (SGEX9/10, EXO-Skin, Dynagage, Dynamax, Houston, TX, USA) 
applying the heat balance method (Smith and Allen 1996). Sensors were installed 
approximately 10 cm above (pot) soil level. During ESE, SF sensors were installed on trees 
equipped with ΔD sensors and installation was delayed until the young trees reached the 
required minimum stem diameter (DOYs 173 and 188 for eCO2 and aCO2 seedlings, 
respectively). During LSE, SF was measured during the entire surveyed period, with SF and 
ΔD being monitored on different individuals. To compare whole-tree water use while 
accounting for potential differences in vapor pressure deficit (VPD) between treatment 
chambers (calculated following Allen et al. (1998) using chamber T and RH), canopy 
conductance (gc = SF / VPD; Morris et al. 1998) was calculated for every time stamp and 
integrated on a daily basis (gc_daily).  
During LSE, stem CO2 efflux rates to the atmosphere (EA) were monitored on four trees per 
treatment equipped with ΔD sensors. Note that EA was used as a proxy of stem respiration for 
treatment comparison, as the limited contribution of xylem CO2 transport to stem respiration 
in small-sized stems minimizes misestimation of respiratory rates of underlying tissues in 
seedlings, which can be substantial in mature trees (Teskey et al. 2008). The relative 
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contribution of internally transported CO2 to stem respiration lowered with decreasing stem 
size in Liriodendron tulipifera L. trees (Fan et al. 2017) and accounted for less than 15 % of 
the stem respiration in 3-year-old Populus x canadensi trees with stem diameter of 3.1 cm 
(Salomón et al. 2018a). Since stem size of the European Aspen under study was even smaller, 
we expect limited contribution of the internal transported CO2. Custom-made cuvettes, 
surrounding a 7 – 8.5 cm length stem segment, were made from flexible polycarbonate film 
and sealed with adhesive closed-cell foam gaskets and non-caustic silicone to prevent air 
leakage. Cuvettes were covered with aluminium foil to prevent woody tissue photosynthesis 
(De Roo et al. 2020b). Inside each treatment chamber, cuvettes were connected to an infrared 
gas analyser (IRGA, Li-840, Li-Cor) with plastic tubing in open through-flow configuration. 
Ambient air (400 or 700 ppm) was mixed in a 50 L container to buffer short term [CO2] 
variations and pumped through the cuvettes. Airflow was measured with flow meters (model 
5860S; Brooks Instruments, Ede, Netherlands) installed within the inlet tubing. A custom-built 
multiplexer automatically switched air flow from each cuvette to the IRGA every 5 min. The 
difference in [CO2] between incoming air and the air leaving the cuvette (∆CO2) was measured. 
A tightly closed plastic bag served as reference chamber and was integrated within the setup 
to account for IRGA drift. ∆CO2 measurements were recorded every minute and averaged 
over the last three minutes of each measurement cycle to allow ∆CO2 stabilization. 
Measurements of EA per seedling were generated every 45 minutes and time series were 
smoothed to avoid artefactual peaks following sharp variations in [CO2] within each treatment 
chamber (ca. ± 25 ppm) after CO2 flushing to maintain [CO2] target levels. EA on a surface 
basis (µmol m-2 s-1) was calculated following the standard method (Long and Hällgren 1993) 
and EA values were integrated to estimate daily EA (EA_daily, µmol m-2 day-1). EA sensitivity to 
temperature (Q10) was estimated on a daily basis for each seedling according to the 
exponential relationship between EA and chamber temperature (T): 
Log(EA) = a + bT         Equation 3.1 
Q10 = e(10b)         Equation 3.2 
where a is the slope and b the intercept of the regression between Log(EA) and T.  
Data analyses 
Continuous microclimate, ΔD and SF data were registered every minute and averaged every 
five minutes. All continuous data was collected using a datalogger (CR1000, Campbell 




PhytoSense software (Phyto-IT, Gent, Belgium). Data analyses was performed using R 
software (R Core Team, 2018). Measurements were pooled on a fortnightly basis to 
harmonize data to the same time window, resulting in two time frames per month. The effect 
of the [CO2] treatment (and its temporal variability) on leaf scale measurements was assessed 
using linear mixed effects models (nlme package), including data point correlation due to the 
repeated measurement design of the experiment and considering the [CO2] treatment (aCO2 
and eCO2) and time frame (fortnight period) as fixed effects, while tree was considered as a 
random factor. Comparison between CO2 treatments and across time frames was performed 
by calculation of least squared means and pairwise-comparison with Tukey contrasts 
(multcomp package). The effect of eCO2 on continuous stem scale measurements was 
assessed over time by applying two sample t-tests on a daily basis. Sub-daily dynamics in 
highly-resolved stem measurements were averaged on a monthly basis. To account for 
temporal within-subject variability, summarySEwithin (Rmisc package) function was applied 
as described by Morey (2008). Note that focus is on treatment comparisons within the same 
experiment and comparisons between ESE and LSE are avoided, as inter-annual differences 
in trees and microclimatic conditions could bias seasonal comparisons. Given the small 
sample size (n = 3 - 5), statistically strong (P < 0.05) and moderate (P < 0.10) differences are 
reported. Reported values refer to mean ± SE (standard error). 
Results 
Chamber microclimate and tree biomass 
Average microclimate during daytime (PAR > 5 µmol m-2 s-1) in each treatment chamber is 
shown in Figure 3.1. Along the measurement period, aCO2 was 458.41 ± 3.38 ppm and 
432.20 ± 4.89 ppm, and eCO2 was 706.81 ± 5.84 ppm and 696.79 ± 5.61 ppm during ESE 
and LSE, respectively. The [CO2] treatment did not affect the daytime T (24.57 ± 0.32 °C and 
24.41 ± 0.35 °C during ESE and LSE, respectively) or PAR (590.17 ± 13.95 µmol m-2 s-1 and 
484.68 ± 14.12 µmol m-2 s-1 during ESE and LSE, respectively). Daytime VPD (1.20 ± 0.3 kPa) 
did not differ between chambers during ESE. During LSE differences in VPD were observed 
between treatment chambers (P < 0.001; 1.54 ± 0.07 kPa and 1.22 ± 0.06 kPa under aCO2 
and eCO2, respectively), presumably caused by the moderate stimulation of canopy 
development under eCO2 (P < 0.1; Figure 3.2) and, hence, greater whole-tree transpiration 
and chamber RH. In addition to the moderate increase in leaf dry biomass, eCO2 increased 
stem and root (P < 0.01) dry biomass during LSE after almost 7 treatment months. 
Contrastingly, dry biomass of leaf, stem and root was left unaffected by eCO2 during ESE after 
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almost 4.5 months of treatment application (P = 0.3, 0.4 and 0.3 for leaf, stem and root, 




Figure 3.1 Daily mean CO2 concentration ([CO2]), photosynthetically active radiation (PAR), air temperature (T), 
and vapor pressure deficit (VPD) in the ambient (aCO2, blue) and elevated (eCO2, red) [CO2] treatment chamber 
during daytime (PAR > 5 µmol m-2 s-1) along the course of the early (ESE – 2019, left-hand side panels) and late 





Figure 3.2 Leaf, stem (including branches) and root dry biomass under ambient (aCO2) and elevated (eCO2) [CO2] 
at the end of the early (ESE – 2019) and late (LSE – 2018) season experiments.  
Asterisks indicate significant differences between aCO2 and eCO2 (parametric t-test with P < 0.05). With n = 4 
(aCO2) and 5 (eCO2) during the ESE and n = 12 (aCO2) and 11 (eCO2) during LSE. Note log scale of y-axis. 
Leaf photosynthesis and tree growth 
During ESE, An stimulation under eCO2 was observed during June and early July (P < 0.05; 
Figure 3.3, upper panels). The effect of eCO2 on An (as the ratio between eCO2 and aCO2 
mean values) increased from May (1.60-fold increase) to June (1.91-fold increase), and later 
decreased in July (1.56-fold increase). During LSE, An stimulation under eCO2 was uniquely 
observed in early September (P < 0.01; 1.49-fold increase). Within a single [CO2] treatment, 
highest An rates were observed from May to June during ESE, while remaining stable (for both 
aCO2 and eCO2) during LSE.  
At the stem scale, DG was stimulated under eCO2 from early June to mid-July during ESE, 
whereas DG ceased faster under eCO2 at the end of LSE (Figure 3.3, middle panels). Overall, 
cumulative stem diameter increment over the measurement period was higher under eCO2 
during ESE (P < 0.05; increment of 7.82 ± 1.24 mm and 12.16 ± 0.99 mm under aCO2 and 
eCO2, respectively), whereas during LSE cumulative stem growth was not affected by the 
[CO2] treatment (P > 0.1; increment of 3.79 ± 0.22 and 4.15 ± 1.07 mm under aCO2 and eCO2, 
respectively). Over time and during ESE, stem shrinkage decreased from May to July under 
aCO2 (P < 0.1) and eCO2 (P < 0.05) (Figure 3.3, lower panels). When pooling data separately 
for each seasonal experiment, a moderate (P < 0.1; from 70.53 ± 2.75 µm day-1 under aCO2 
to 42.26 ± 1.80 µm day-1 under eCO2) and strong (P < 0.05; from 104.77 ± 4.35 µm day-1  
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under aCO2 to 56.09 ± 3.27 µm day-1 under eCO2) reduction in stem shrinkage under eCO2 
was observed during ESE and LSE, respectively. 
 
 
Figure 3.3 Temporal variability in leaf net carbon assimilation (An, upper panels), daily stem radial growth (DG, 
middle panels) and daily stem shrinkage (DS, lower panels) under ambient (aCO2) and elevated (eCO2) [CO2] and 
during the early (ESE - 2019) and late (LSE - 2018) season experiments.  
An was pooled on a fortnightly basis. Letters indicate significant differences among time frames within each [CO2] 
treatment and seasonal experiment (mixed effect model). Asterisks indicate significant differences between aCO2 
and eCO2 (P < 0.05) for a given time frame (An, mixed effect model) or on daily (DG and DS, parametric t-test) 
basis. 
Stomatal and canopy conductance and plant water status  
A decrease in gs under eCO2 was limited to late May during ESE (P < 0.05) and to late 
September during LSE (P < 0.05) (Figure 3.4, upper panels). Overall, eCO2 did not affect gs 
when pooling measurement campaigns within a season experiment (P > 0.1), with eCO2/aCO2 




substantially vary over time in any season experiment. Also, at the whole-tree scale, gc_daily 
was not significantly affected by the [CO2] treatment during ESE or LSE (Figure 3.4, lower 
panels), with overall eCO2/aCO2 ratios of 0.87 and 0.64, respectively. In both [CO2] treatments, 
gc_daily was relatively high during ESE (July, 415.95 ± 9.07 g kPa-1 day-1) and during the first 
month of LSE (August, 280.64 ± 14.69 g kPa-1 day-1), followed by a substantial decrease 
(P < 0.001) along September (113.22 ± 9.35 g kPa-1 day-1). 
 
 
Figure 3.4 Temporal variability in stomatal conductance (gs, upper panels), xylem water potential (Ψxylem, middle 
panels) and daily canopy conductance (gc_daily, lower panels) over time under ambient (aCO2) and elevated (eCO2) 
[CO2] and during the early (ESE - 2019) and late (LSE - 2018) season experiment.  
gs and Ψxylem were pooled on a fortnightly basis. Letters indicate significant differences among time frames within 
each [CO2] treatment and seasonal experiment (mixed effect model). Asterisks indicate significant differences 
between aCO2 and eCO2 (P < 0.05) for a given time frame (gs and Ψxylem, mixed effect model) or on a daily basis 
(gc_daily, parametric t-test). 




In both season experiments, [CO2] treatment did not consistently affect Ψxylem (P > 0.1; -0.91 
± 0.03 MPa and -1.01 ± 0.02 MPa for ESE and LSE, respectively) (Figure 3.4, middle panels) 
and Ψpd (P > 0.1; -0.15 ± 0.02 MPa and -0.46 ± 0.03 MPa for ESE and LSE, respectively). 
Only in late September, Ψxylem was more negative under aCO2 than under eCO2 (P < 0.05). 
When comparing within [CO2] treatments, Ψxylem generally increased over time during ESE as 
a likely result of the increase of soil water content (Supplementary Figure S1). During LSE, 
Ψxylem did not change over time under any of the [CO2] treatments. 
Leaf and stem CO2 efflux  
Leaf respiration was not affected by the [CO2] treatment during ESE (P > 0.1) and showed no 
clear seasonal pattern (Figure 3.5, upper panels). During LSE, averaged RL showed a small, 
yet significant, decrease under eCO2 compared to aCO2 (P < 0.05; 3.32 ± 0.23 μmol m-2 s-1 
and 2.74 ± 0.12 μmol m-2 s-1, for aCO2 and eCO2, respectively). This difference was significant 
in early September (P < 0.05). During LSE, an apparent decrease of RL occurred along the 
course of the experiment under both [CO2] treatments. Variability among time frames in both 
season experiments was mostly driven by prevailing chamber temperature (P < 0.001). At 
stem scale, EA_daily was not affected under eCO2 (P > 0.1) (Figure 3.5, lower panels). Again, 
temporal variability in EA_daily was largely driven by chamber temperature (P < 0.001). 
Sub-daily variability in stem measurements over the season 
Sub-daily fluctuations in stem diameter averaged per month are shown in Figure 3.6 (upper 
panels). During ESE and under aCO2, no difference in end-of-day stem diameter was 
observed from May to July (P > 0.1). Under eCO2, a moderate decrease in end-of-day 
diameter was observed from June (167.15 ± 5.28 µm) to July (147.09 ± 5.29 µm) (P < 0.01). 
During LSE, end-of-day stem diameter variation decreased from August (47.35 ± 6.21 µm and 
87.90 ± 9.32 µm under aCO2 and eCO2, respectively) to September (28.11 ± 2.47 µm and 
27.22 ± 4.36 µm under aCO2 and eCO2, respectively) (P < 0.001) under both [CO2] treatments. 
A stimulation in end-of-day diameter under eCO2 was uniquely observed in June (P < 0.05). 
Timing of maximal pre-dawn stem diameter, and therefore timing of the onset of stem 
shrinkage and depletion of internal water pools, was delayed under eCO2 compared to aCO2 






Figure 3.5 Temporal variability in leaf respiration (RL, upper panels) and daily stem CO2 efflux (EA_daily, lower panels) 
under ambient (aCO2) and elevated (eCO2) [CO2] and during the early (ESE - 2019) and late (LSE - 2018) season 
experiment.  
RL was pooled on a fortnightly basis. Letters indicate significant differences among time frames within each [CO2] 
treatment and seasonal experiment (mixed effect model). Asterisks indicate significant differences between aCO2 
and eCO2 (P < 0.05) for a given time frame (RL, mixed effect model) or on a daily basis (EA_daily, parametric t-test).  
Sub-daily gc patterns showed little effect of the [CO2] treatment (Figure 3.6, middle panels). 
Maximum sub-daily gc was observed during morning hours (on average 9:40 h ± 17 min and 
10:55 h ± 12 min during ESE and LSE, respectively), and timing of the daily onset of gc 
remained unaffected by the [CO2] treatment in every month during both season experiments 
(P > 0.1). The reduction observed in gc_daily during LSE from August to September was mainly 
attributed to the reduction in afternoon (after 12:00 h) rather than pre-noon (before 12:00 h) 
gc. Sub-daily EA patterns (Figure 3.6, lower panels) largely mimicked those of temperature. 
Despite the neutral effect of eCO2 on EA, eCO2 increased EA sensitivity to temperature 
(P < 0.01; Q10 = 1.63 ± 0.02 and 1.95 ± 0.06 for aCO2 and eCO2, respectively) more markedly 
in September, hereby resulting in larger sub-daily EA fluctuations. 




Figure 3.6 Sub-daily patterns of stem diameter variation (∆D, upper panels, with vertical lines indicating the time 
when maximal pre-dawn stem diameter was registered), canopy conductance (gc, middle panels) and stem CO2 
efflux (EA, lower panels) under ambient (aCO2) and elevated (eCO2) [CO2] averaged on a monthly basis for the 
early (ESE - 2019) and late (LSE - 2018) season experiments.  
Discussion 
Corresponding and diverging eCO2 effects at leaf and tree scale 
Average leaf An was 63 and 26 % higher under eCO2 in comparison to aCO2 during ESE and 
LSE, respectively. This leaf photosynthetic stimulation is in accordance with the average 
increase of 31 % compiled over C3 plants grown in FACE experiments (Ainsworth and Rogers 
2007, Ainsworth and Long 2020), and with previous eCO2 studies in Populus spp. in which An 
stimulation varied from 31 to 49 % (Liberloo et al. 2007, 2009), and from 33 % to 38 % 
(Noormets et al. 2001). During ESE, leaf scale An stimulation (1.63-fold) resulted in a parallel 




Contrastingly, leaf and whole-tree responses to eCO2 diverged during LSE, as there was a 
1.26-fold increase in An while stem diameter increment remained unaffected under eCO2. This 
remarkable observation suggests that enhanced C supply at the end of the growing season 
was not invested in stem volumetric growth. Although mismatches between leaf and whole-
tree responses are not uncommon in large trees (Chapter 2, Table 2.2), they might be 
unexpected in young and fast growing seedlings (Wertin and Teskey 2008). It is worth noting 
that eCO2-stimulation of stem volumetric growth registered during ESE did not translate into 
increased aboveground woody biomass. In contrast, biomass production was stimulated 
under eCO2 during LSE, when eCO2-induced stimulation of stem volumetric growth was no 
longer registered. This apparent discrepancy between stem diameter size and biomass 
production can be explained by two reasons. Firstly, harvest time may affect comparisons of 
biomass production because any potential stimulation is more likely to be detected towards 
the end of the season after completion of the annual growth cycle. Secondly, stem volumetric 
increment does not immediately translate into an increase in stem biomass, according to their 
substantial time lag. Across boreal, temperate, subalpine and Mediterranean forests, stem 
biomass production lagged behind stem volumetric growth for over one month (Cuny et al. 
2015). Since additional C supply due to An stimulation under eCO2 can alter both cell size and 
cell wall thickness (Watanabe et al. 2010, Richet et al. 2012, Lotfiomran et al. 2015, Liu et al. 
2020), early season C surplus might have stimulated cambial division and cell production 
(hence stem volumetric growth) to a greater extent, while late season C surplus might be partly 
allocated to cell wall thickening, thereby increasing stem biomass for a relatively constant size. 
Nevertheless, we acknowledge that stem height and branch length, not measured here, may 
also play a role in the increase of stem biomass observed under eCO2 during LSE, following 
a potential shift from radial to axial growth. 
In contrast to the expected eCO2-induced decrease in gs (average reduction of 22 % across 
FACE experiments; Ainsworth and Rogers 2007), leaf gs remained largely unaffected under 
eCO2 during both seasonal experiments. Stomatal behaviour largely depends on microclimatic 
conditions (particularly VPD) and water availability (Xu et al. 2016) and the wide range of gs 
responses to eCO2 observed across a variety of biomes questions the commonly accepted 
reduction of gs under eCO2 (Purcell et al. 2018). Therefore, even though gs reduction under 
eCO2 has previously been observed in Populus spp. (Tricker et al. 2009, Hao et al. 2018b, De 
Roo et al. 2020a), unresponsive gs is not uncommon in this genus (Bernacchi et al. 2003, 
Bobich et al. 2010). The invariability of leaf gs between [CO2] treatments upscaled to the whole-
tree scale as gc_daily also remained homeostatic during both seasonal experiments. Previous 
studies in a poplar plantation under FACE conditions showed the large dependence of whole-
tree water use on canopy LA, since transpiration increased as a result of enhanced leaf area 
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index despite reductions in leaf gs (Liberloo et al. 2007, Tricker et al. 2009). Here, although 
we do not have direct measurements of canopy LA, leaf dry biomass was unaffected under 
eCO2 during ESE and moderately increased during LSE. The absence of the expected gc_daily 
increase during LSE, despite the increase in leaf biomass with a homeostatic stomatal 
behaviour, might be explained by the limited statistical power to detect significant differences 
(n = 4) given the large variability in gc_daily observed among individuals. Moreover, potential 
discrepancy between canopy LA and leaf biomass can be mediated by increase in leaf 
thickness under eCO2 (Oksanen et al. 2001), which may contribute to the homogenisation of 
leaf transpiring area and hence whole-tree water loss. 
At both leaf and stem scale, only small or no changes in leaf respiration and stem CO2 efflux 
were observed under eCO2. In comparison with previous studies conducted across species 
(Atkin et al. 2015), including Populus spp. (Hovenden 2003), leaf respiration was remarkably 
high under both [CO2] treatments and seasonal experiments as a likely combination of three 
factors: (i) high leaf temperature at midday, quite often exceeding 25 ºC (Tjoelker et al. 2001, 
Aspinwall et al. 2017), (ii) the addition of growth respiration to overall RL (Amthor 1984), as 
highest rates were measured during May and June, and (iii) a systematic bias related to the 
short stabilization time under dark conditions, as respiratory processes may peak after 
illumination (Azcón-Bieto and Osmond 1983). Previous studies reported an overall reduction 
of 15 – 20 % in RL under eCO2 (Drake et al. 1999, Jahnke 2001), which is in agreement with 
the RL decrease observed during LSE. Effects of eCO2 on RL remain, however, under debate 
(Smith 2017, Dusenge et al. 2019) as methodological artefacts might be partially responsible 
for such reductions (Jahnke 2001). At whole-tree scale, stem CO2 efflux is expected to 
increase with stem growth (Edwards et al. 2002, Saveyn et al. 2007, Wertin and Teskey 2008, 
Acosta et al. 2010) according to the maintenance and growth respiration paradigm (reviewed 
by Amthor 2000). Enhanced photosynthetic activity and carbohydrate supply could therefore 
lead to increased whole-tree respiration (Gifford 2003), especially in young seedlings (Wertin 
and Teskey 2008). Here, carbohydrate supply and stem volumetric growth remained largely 
unaffected under eCO2 during LSE, and similar EA between [CO2] treatments was therefore in 
line with the expectations. Accordingly, previous studies found that EA remained unaffected 
under eCO2 when stimulation in stem volumetric growth was absent in different species 
(Mildner et al. 2015, Salomón et al. 2019) including Populus spp. (Gielen et al. 2003, Liberloo 
et al. 2008).  
Early and late season dynamics in the eCO2 response 
Seasonal dynamics in both magnitude and direction of eCO2 effects in leaf and whole-tree 




progressively decreased towards the end of July. Early season dynamics in leaf C uptake 
upscaled to the whole-tree scale, as the rate of stem volumetric growth increased during ESE, 
reaching highest rates in late June. During LSE, An variation over time in each [CO2] treatment 
was limited and stem volumetric growth (unaffected by eCO2) slowed down from August to 
the end of September, as a likely result of the onset of autumnal leaf senescence triggered by 
microclimatic conditions (e.g. reduced T, PAR and photoperiod). Likewise, in a previous 
experiment conducted on even-sized European aspen trees using the same experimental 
setup, stem volumetric growth was not affected under eCO2 during the end of the summer 
season, and stimulation of stem size was limited to early spring (De Roo et al. 2020a). This 
seasonality of the eCO2 effect on C dynamics at leaf and whole-tree scale is not limited to 
young Populus spp. trees, as it has been observed in a variety of tree species and across tree 
ages (Chapter 2, Table 2.1). For instance, in evergreen Eucalyptus globulus trees, An 
stimulation varied from 46 % in summer to 14 % in winter, with a parallel seasonal fluctuation 
in stem volumetric growth dynamics (Quentin et al. 2015). Also in deciduous Fagus sylvatica 
saplings, the magnitude of An stimulation varied over time, as An stimulation was only 
significant in July followed by a limited response in August and September (Urban et al. 2019).  
This temporal variability in the magnitude of the eCO2 effect on An and DG throughout ESE 
and LSE can be explained by the seasonality in whole-tree C sink strength. During spring and 
early summer (June and July) tree productivity in Populus spp. is relatively high, with a peak 
in the production of aboveground (leaves and stems) and below ground (coarse and fine roots) 
biomass (Block et al. 2006, Broeckx et al. 2014). During this period, tree development may be 
C limited, triggering rapid allocation of C from source to sink organs, hereby developing a 
positive feedback which amplifies the fertilization effect. Towards the end of the growing 
season, tree productivity declines and the magnitude of the eCO2 effect decreases as C supply 
is no longer the most limiting factor for growth and availability of water and nutrients gain 
relative importance (Pantin et al. 2012). Reduction in C demand for the development of plant 
organs may lead to leaf C accumulation, affecting the carbon-to-nitrogen balance, hence 
limiting RuBisCo concentration and activity (Gamage et al. 2018) and ultimately triggering leaf 
senescence. It is worth noting that the duration of the growing period was shortened under 
eCO2 in our study, as denoted by the relatively low stem volumetric growth towards the end 
of LSE. Earlier autumnal cessation of stem volumetric growth under eCO2 might be related to 
the overall end of season downregulation of leaf and whole-tree activity. This would explain gs 
reduction under eCO2 during late September, likely causing the observed relaxation in Ψxylem. 
We therefore suggest that the early season eCO2-induced stimulation of stem volumetric 
growth advanced the completion of the potential annual stem girth development, triggering an 
earlier autumn leaf senescence. Nevertheless, it must be noted that the effects of eCO2 on 
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autumn phenology remain under debate as leaf senesce has also been observed to delay 
(Taylor et al. 2008, Reyes-Fox et al. 2014), likely ascribed to a prolongation of wood formation 
phenophases (Lupi et al. 2010) as a result of eCO2-stimlated cell production. 
eCO2 affects sub-daily C and water processes 
Sub-daily dynamics in C and water relations reveal that stem diameter variations (∆D) were 
altered under eCO2 throughout the growing season, while gc and EA sub-daily dynamics 
remained mostly unaffected. The sub-daily ∆D pattern is the combined result of (i) irreversible 
(plastic) stem volumetric growth and (ii) reversible (elastic) fluctuations following depletion and 
refilling of internal stem water pools. Therefore, eCO2-driven changes in sub-daily ∆D 
dynamics result from both water and C relations. Overall, stem shrinkage varied over the 
season, partly related to the evaporative water demand, and was smaller under eCO2. Three 
potential causes might contribute to the limited stem shrinkage observed under eCO2: (i) 
alteration of radial hydraulic resistance (Dawes et al. 2014) (ii) modification of cell wall 
properties (Le Gall et al. 2015) and (iii) stimulated radial stem volumetric growth. First, the 
radial hydraulic resistance regulating the water flow between bark and xylem tissues may 
increase under eCO2. Reduced stem contractions under eCO2 were first reported for large 
Larix decidua trees (Dawes et al. 2014), and the authors suggested that radial hydraulic 
resistance increased under eCO2, hereby limiting bark dehydration. Increased radial hydraulic 
resistance might be caused by a reduction in aquaporin activity (Steppe et al. 2012) or by 
xylem anatomy alterations, such as reductions in abundance of radial conductive tissues (ray 
parenchyma) (Dawes et al. 2014). Delayed timing in stem diameter contraction under eCO2 
during part of the season, while the onset of transpiration remained unaffected, indicates 
temporal limitations to radial water exchange, further supporting this first hypothesis. Second, 
cell wall plasticity and rigidity (depending on cell wall expansin proteins and rates of 
hemicellulose and lignin deposition) are dynamic throughout the tree’s lifespan and can adapt 
to environmental stress elicitors (Le Gall et al. 2015). Therefore, changing atmospheric [CO2] 
may affect cell wall properties, as previously observed in well-watered birch seedlings (Betula 
populifolia; Morse et al. 1993) and in late season cut roses (Rosa hybrida; Urban et al. 2002) 
for which eCO2 increased cell elastic modulus and thus reduced tissue elasticity. More rigid 
cell walls of elastic water pools may contribute to the limited shrinkage observed in our young 
European aspen trees grown under eCO2. Third, increased C availability under eCO2 can 
stimulate stem volumetric growth, hereby counteracting elastic and water-driven stem 
shrinkage (De Swaef et al. 2015). Nonetheless, reduced shrinkage under eCO2 at the end of 




stem size volumetric growth on stem shrinkage patterns, and reinforces the possibility that 
eCO2-grown trees limited the use of stem elastic water pools. 
In contrast to earlier studies (Wullschleger and Norby 2001, Tricker et al. 2009), sub-daily 
dynamics in canopy conductance were not affected under eCO2 in our study. In Liquidambar 
styraciflua trees, SF rates were reduced on all daytime hours (between 11:00 h and 18:00 h) 
under eCO2, as a likely consequence of gs reduction (Wullschleger and Norby 2001). In 
contrast, hybrid poplar P. x euramericana under FACE conditions showed an increase in daily 
tree water use under eCO2 mainly as result of stimulated transpiration before noon (Tricker et 
al. 2009). Because Tricker et al. (2009) observed these differences between [CO2] treatments 
only on sunny days with high atmospheric water demand, they were partly explained by 
transpiration dependence on VPD. The invariability in sub-daily gc patterns in our young 
European aspen trees, despite high T, PAR and VPD during the summer months, was in 
agreement with the homeostatic behaviour of leaf scale gs and whole-tree gc_daily under eCO2 
observed throughout the season. 
Although EA showed little differences between [CO2] treatments, EA sensitivity to temperature 
(Q10) increased under eCO2 at the end of the late season. Previous research has shown 
contrasting results regarding the effect of eCO2 on Q10. For instance, eCO2 had no effect on 
Q10 averaged across the growing season in 14-year-old and 110-year-old Picea abies trees 
(Acosta et al. 2010, Mildner et al. 2015). In contrast, end-of-summer Q10 in Pinus ponderosa 
saplings increased under eCO2 (Carey et al. 1996), whereas in Liquidambar styraciflua tree 
stems, Q10 was reduced and stimulated under eCO2 during the growing and dormant season, 
respectively (Edwards et al. 2002). Further research in this line would be necessary to 
understand how respiratory physiology responds to combined effects of eCO2 and increasing 
temperatures to better constrain predictions of whole-tree respiration (and hence net primary 
productivity) under climate change scenarios.  
Conclusions 
Combination of leaf (An, gs and RL) and whole-tree (DG, gc and EA) measurements in young 
Populus tremula trees indicates that leaf scale responses to eCO2 largely upscaled to the 
whole-tree scale. However, eCO2-induced photosynthetic stimulation led to an increase in 
stem volumetric growth only during springtime, while radial stem volumetric growth was not 
stimulated during autumn despite enhanced An. Thus, the magnitude of C-related responses 
to eCO2 were dynamic over time, and most likely driven by seasonality in C-sink strength. The 
C demand was relatively high in spring during periods of high plant productivity (reflected by 
increases in stem diameter size), and progressively diminished during autumn, when C is 
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mostly allocated to cell wall thickening (reflected by increases in dry biomass). Leaf gs and 
whole-tree gc were not affected under eCO2. Similarly, leaf respiration stem CO2 efflux, serving 
as a proxy of stem respiration, were also not substantially affected under eCO2. Stem sub-
daily shrinkage was significantly reduced under eCO2, suggesting changes in tissue and cell 
traits (radial hydraulic conductance and cell wall elastic modulus) limiting the use of internal 
stem water pools, even under well-watered conditions. Taken together, these observations 






Figure S3.1 Soil water content (SWC) under ambient (aCO2) and elevated (eCO2) during the early (ESE - 2019) 
and late (LSE - 2018) season experiments. Points and ribbons indicate the averaged values and corresponding 
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Elevated atmospheric CO2 concentration (eCO2) is expected to mitigate negative effects 
of moderate drought on leaf and whole-tree functioning. However, tree responses to eCO2 
under  severe drought and throughout the growing season remain largely unknown. One-
year-old Populus tremula L. trees were grown in two controlled growth chambers under 
ambient and elevated CO2 conditions, while progressive drought was imposed early 
(spring/summer 2019) and late (summer/autumn 2018) in the growing season. Stomatal 
conductance, leaf carbon assimilation and leaf respiration were monitored in concert with 
whole-tree canopy conductance derived from sap flow measurements, radial stem 
volumetric growth, stem CO2 efflux, xylem water potential and non-structural 
carbohydrates (NSC). During late season drought, eCO2 delayed drought-induced 
reduction in leaf carbon assimilation and lowered gs drought susceptibility. Drought effects 
on whole-tree functioning and NSC depletion remained unaltered under eCO2. Stem 
volumetric growth ceased earlier than photosynthesis, while leaf and stem respiratory 
metabolism were maintained at 30 % of well-watered levels even under severe drought, 
independent of the CO2 treatment and the timing of drought. The ability of eCO2 to mitigate 
drought was limited to leaf processes, mainly stomatal conductance, during the late 
season and under moderate drought (> -2 MPa) levels. Contrastingly for whole-tree 
processes (i.e. water use, stem volumetric growth and stem CO2 efflux), drought offset any 
beneficial effect of eCO2. 
Introduction 
Forests are exposed to a rapid changing climate. Unprecedented emission of greenhouse 
gases, including carbon dioxide (CO2), led to global warming and alteration of the 
hydrological cycle, with more frequent and longer drought events (IPCC 2018). When 
facing drought, trees close their stomata to reduce water loss and balance the risk of 
drought-induced hydraulic failure and carbon (C) starvation (McDowell et al. 2008, Lin et 
al. 2015). CO2 fertilization has been suggested to alleviate some of the detrimental effects 
of drought on tree functioning (e.g. Wullschleger et al. 2002b, Avila et al. 2020, Birami et 
al. 2020). The explanation is twofold. First, the reduction of stomatal conductance (gs) 
under eCO2 improves water use efficiency at the leaf scale (Menezes-Silva et al. 2019). 
This potentially leads to an overall water-saving effect, delaying soil water depletion over 
time (Wullschleger et al. 2002b, Leuzinger and Körner 2007, Fatichi et al. 2016). Second, 
drought-induced gs reduction imposes C limitations to photosynthetic activity. CO2 
fertilization may partially alleviate C shortage, as CO2 concentration ([CO2]) in the sub-
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stomatal cavities will be higher under eCO2 compared to current atmospheric [CO2]. As a 
result, and relative to well-watered conditions, a stronger eCO2 induced stimulation of net 
C assimilation (An) has been commonly found during drought periods in different tree 
species (e.g. Goodfellow et al. 1997, Herrick et al. 2004, Birami et al. 2020). 
Contrarily, adverse effects of drought on tree functioning might also be exacerbated under 
eCO2 (e.g. Domec et al. 2010, Warren et al. 2011). Stimulated canopy development under 
eCO2 might result in a mismatch between water supply and demand when water becomes 
limiting (“structural overshot”) (McCarthy et al. 2006, Bobich et al. 2010, Fatichi et al. 2016, 
Jump et al. 2017). Likewise, rapid increase of stem size may affect wood quality and result 
in wider vessels and a reduction of wood density (Ceulemans et al. 2002, Bobich et al. 
2010, Kostiainen et al. 2014, Kim et al. 2015), which would increase xylem vulnerability to 
embolism formation and hydraulic failure (Mrad et al. 2018, Janssen et al. 2020). This wide 
range of eCO2 effects under drought, from mitigation to aggravation, was recently 
observed in young Pinus halepensis trees, for which eCO2-induced drought effects varied 
with drought intensity (Birami et al. 2020). At moderate drought levels, An and water use 
efficiency increased under eCO2. Nonetheless, mitigating eCO2 effects disappeared when 
drought became more severe (Birami et al. 2020). Conflicting observations denote a 
limited understanding of tree performance and survival under interacting drought and 
eCO2 conditions. Research integrating multiple stress elicitors (e.g. Warren et al. 2011, 
Bauweraerts et al. 2013, Duan et al. 2015, Birami et al. 2020) are therefore crucial to 
predict tree behaviour as climate changes (reviewed in Becklin et al. 2017, Menezes-Silva 
et al. 2019). 
Although, the effects of drought under ambient [CO2] (aCO2) on tree development and 
survival have been extensively studied, research has mainly focused on drought intensity, 
while the timing of drought remains largely unexplored despite its crucial role (Granda et 
al. 2013, Lévesque et al. 2013, Camarero et al. 2015, D’Orangeville et al. 2018, Forner et 
al. 2018). Also tree responses to eCO2 (hereafter ‘eCO2 effect’) can vary over time and 
depend on the tree’s development stage (Chapter 2). Leaf and tree development during 
spring and early summer is largely sensible to CO2 fertilization, as a result of high C-
demand for the development of above- and belowground biomass production at this time 
(Pantin et al. 2012). Maximal eCO2-induced stimulation is therefore regularly reported 
during the early season vegetative developmental stage (e.g. Quentin et al. 2015, Li et al. 
2019b, Urban et al. 2019, Sanches et al. 2020). As the growing season progresses and 
phenological controlled changes in growth occur, the  tree C sink strength reduces while 
water becomes the primary driver for tree development (Pantin et al. 2012). As a result, 




including foliar tissues, increasing the carbon-to-nitrogen balance (Long et al. 2004). This 
eventually triggers down-regulation of the RuBisCo (Ribulose-1,5-bisphosphate 
carboxylase-oxygenase) activity, reducing the eCO2 effect at the leaf scale (Gamage et al. 
2018). 
The magnitude of the eCO2 effect also depends on the spatial scale under study (leaf vs. 
whole-tree) (Chapter 2). Especially in mature trees, mismatches between leaf and whole-
tree responses to eCO2 may occur. For example, increased C availability as a result of An 
stimulation does not necessarily enhance whole-tree biomass production. This is because 
the C surplus can be diverted to alternative tree C sinks, such as NSC storage, respiratory 
metabolism, emission of volatile organic compounds (VOCs), rhizodeposition, or synthesis 
of skeleton intermediates for reproductive or defensive functions (Körner 2006, Sala et al. 
2012, Salomón et al. 2017b, Jiang et al. 2020). Likewise, no straightforward translation 
exists from leaf to whole-tree water use, as the latter is dependent on both leaf gs and 
canopy leaf area. Only when eCO2-induced gs reduction is strong enough to compensate 
for the potential stimulation of canopy leaf area, whole-tree water use may decrease under 
eCO2 (Fatichi et al. 2016). As a result, whole-tree water use has been observed to either 
decrease (Wullschleger and Norby 2001), increase (Uddling et al. 2008, Tricker et al. 
2009) or remain unaffected (Ward et al. 2013, Tor-ngern et al. 2015, Gimeno et al. 2018) 
under eCO2.  
Potential mitigation or aggravation of drought effects under eCO2 highlight the uncertainty 
to predict tree behaviour in future climates. Temporal and spatial dynamic tree responses 
to eCO2 further question whether the interacting effects of drought and eCO2 vary over 
time and are scalable from leaf to whole-tree scale. This study therefore focusses on leaf 
and whole-tree water and C relations in one-year-old European aspen (Populus 
tremula L.) trees subjected to combined treatments of eCO2 and drought. Leaf scale 
measurements included gs, An and leaf respiration, whereas whole-tree scale 
measurements included canopy conductance (derived from sap flow measurements), 
stem diameter variations, stem CO2 efflux (as a proxy of stem respiration) and xylem water 
potential. Additionally, NSC concentrations were measured in leaf, bark and xylem tissues. 
To assess potential eCO2 mitigation to drought at different seasonal developmental 
stages, two sets of trees were planted in consecutive years to evaluate leaf and whole-
tree responses to early and late season drought (both under ambient and elevated [CO2]). 
We hypothesize that (i) drought-driven down-regulation of leaf processes will be faster 
during the late in comparison to the early season due to the increasing relative importance 
of water over C for leaf development as the season progresses (Pantin et al. 2012), (ii) 
eCO2 will alleviate detrimental effects of moderate drought, but mitigating effects will 
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disappear as drought intensifies, and (iii) the magnitude of eCO2-induced drought 
mitigation will reduce from leaf to whole-tree scale, as similarly observed under well-
watered conditions (Chapter 2 and 3). 
Material and methods 
Plant material and experimental set-up 
Approximately fifty one-year-old European aspen (Populus tremula L.) trees were planted 
before the onset of the 2018 (DOY 79) and 2019 (DOY 78) growing season in 30 L pots 
with potting soil mixed with fertilizer (Osmocote Exact Standard 8-9M, ICL, Ipswich, UK). 
Trees were randomly distributed into two growth chambers (see Chapter 1 for detailed 
overview of the treatment chamber set-up), allowing continuous monitoring and regulation 
of the chamber microclimate. Target [CO2] was controlled to 400 ppm (hereafter ambient 
[CO2], aCO2) and 700 ppm (hereafter elevated [CO2], eCO2). Half of the trees within each 
chamber (ca. 25) were randomly assigned to a well-watered or a drought stressed group. 
This 2x2 factorial experimental design resulted in four treatment groups: well-watered 
trees under aCO2 (aW) and eCO2 (eW), and drought stressed trees under aCO2 (aD) and 
eCO2 (eD). Well-watered trees were irrigated at pre-dawn (between 05:00 h to 06:00 h) 
with an automated irrigation system and the amount of water supplied was adjusted per 
pot and throughout the season based on point measurements of soil water content (SWC; 
ThetaKit, Delta-T Devices, Burnwell, UK). 
During the 2018 growing season, trees were subjected to drought during late August and 
September (hereafter “late season drought experiment” or LSE). Drought was induced by 
lowering irrigation to 50 % relative to the well-watered trees from DOY 222 (10 August), 
after which water supply was completely stopped from DOY 229 (17 August). During the 
2019 growing season, irrigation was ceased on DOY 183 (2 July) (hereafter “early season 
drought experiment” or ESE). After each seasonal experiment (DOYs 288 and 209 for the 
LSE and ESE, respectively), trees were harvested for determination of dry biomass of 
roots, stem and leaves. The stem was cut above pot soil level and leaves and stems 
(including branches) were manually separated. Roots were manually dug out and the 
remaining soil fraction was removed by rinsing of the roots. All tissues were air dried for 
three months to quantify leaf, root and stem (including branches) dry biomass. The 
root:shoot ratio was calculated as the ratio of the dry weight of the roots and the sum of 





Point measurements were conducted on ten trees per chamber (five per treatment group), 
and spanning a period from before the onset of drought until measurements of xylem water 
potential (Ψxylem) were no longer possible in drought stressed trees due to leaf wilting 
(DOY 121-209 and DOY 211-253 during ESE and LSE, respectively). Measurements were 
performed around midday (between 11:00 h and 15:00 h), two to three times a week during 
LSE and once a week during ESE. A mid-canopy leaf was randomly selected for 
measurements of An and gs at saturation light (PAR 1500 μmol m-2 s-1; according to the 
maximal PAR measured inside the treatment chamber on sunny days), and leaf respiration 
(RL) under dark conditions (PAR 0 μmol m-2 s-1). Measurements were taken with a portable 
photosynthesis system (Li-6400, Li-Cor Inc., Lincoln, Nebraska, USA) set at chamber 
[CO2] (400 or 700 ppm) and prevailing temperature (T) and after stabilization of the CO2 
exchange rates (5 to 10 minutes). A pressure chamber (Model 600, PMS Instrument 
Company, Corvallis, OR, USA) was used to measure midday Ψxylem in mid-canopy leaves 
loosely covered with aluminum foil for at least one hour to allow hydraulic equilibrium 
(Begg and Turner 1970). In addition, pre-dawn water potential (Ψpd) was measured three 
to four times across each drought experiment. 
Continuous measurements 
In the same time span as the point measurements, trees were equipped with stem sensors 
and cuvettes to monitor stem diameter variations (ΔD), sap flow (SF) and stem CO2 efflux 
(EA). Stem diameter variation was measured with linear variable displacement transducer 
(LVDT, model DF5.0, Solartron Metrology, Leicester, UK) installed over the bark of the 
same ten trees selected for point measurements at an approximate height of 30 cm above 
pot soil level. At time of installation, initial stem diameter was 4.44 ± 0.50 mm (aCO2) and 
4.98 ± 0.28 mm (eCO2) during ESE, and 9.18 ± 0.57 mm (aCO2) and 10.67 ± 0.72 mm 
(eCO2) during LSE. Daily stem volumetric growth (DG) was calculated as the difference 
between stem diameter maxima of two consecutive days. The heat balance method (Smith 
and Allen 1996) was applied to monitor SF. Six (ESE) and eight (LSE) trees per chamber 
(i.e. three to four per irrigation group) were equipped with EXO-Skin SF sensors (type 
SGEX9/10, Dynamax, Houston, TX, USA). During ESE, ΔD and SF measurements were 
conducted on the same trees, and SF measurements started when trees reached the girth 
required for sensor installation (DOY 188 and 173 for aCO2 and eCO2, respectively). 
During LSE, SF was measured during the entire course of the experiment, but ΔD and SF 
sensors were installed on different trees due to spatial constraints (see stem CO2 efflux 
measurements below). To account for potential differences in chamber vapor pressure 
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deficit (VPD, calculated from chamber T and relative humidity (RH) following Allen et al. 
(1998)), canopy conductance (gc = SF / VPD) was calculated at fine temporal resolution 
(equal to SF records) and integrated on a 24 h-basis for comparison of whole-tree water 
use (gc_daily). 
Stem CO2 efflux to the atmosphere was measured as a proxy of stem respiration, as the 
contribution of internal transport of respired CO2 with the transpiration stream has been 
reported to be minor in small-sized trees (Chapter 3; Fan et al. 2017, Salomón et al. 
2018a). Stem CO2 efflux was only measured during LSE, in eight trees per chamber (four 
per irrigation group) that were also equipped with LVDT sensors. Custom-made stem 
cuvettes were installed around 7 to 8.5 cm long stem segments, approximately 5 cm below 
the LVDT sensor. Cuvettes were made of flexible polycarbonate film and sealed with 
adhesive closed-cell foam gaskets and non-caustic silicone to prevent air leakage. An 
additional reference cuvette was included within each chamber to account for potential 
measurement drift. Plastic tubing connected the cuvettes to an infrared gas analyzer 
(IRGA, Li-840, Li-Cor) in open through-flow configuration. Cuvettes were covered with 
aluminum foil to prevent woody tissue photosynthesis (De Roo et al. 2020b). Inside each 
growth chamber, ambient air was mixed in a 50 L container to buffer [CO2] fluctuations 
and air was pumped through the cuvettes. Airflow was measured with flowmeters (model 
5860S; Brooks Instruments, Ede, Netherlands). A custom-built multiplexer switched 
between monitored cuvettes every five minutes. Difference in [CO2] between ambient air 
and air exiting the cuvette (∆CO2) was measured with the IRGA. Measurements were 
recorded every minute and averaged over the last three minutes of each measurement 
cycle to allow for reading stabilization. Stem CO2 efflux to the atmosphere was calculated 
on a surface basis following the standard procedure (McGuire and Teskey 2004, Salomón 
et al. 2018b). Therefore, measurements of EA were generated for each tree every 45 
minutes (9 cuvettes per chamber × 5 minutes) and EA time series were smoothed to avoid 
peaks following sharp variations in chamber [CO2] after CO2 flushing to maintain target 
levels. Values of EA were integrated on a 24 h-daily basis for comparison (EA_daily).  
Non-structural carbohydrate analysis 
During LSE, eight non-instrumented trees per [CO2] treatment (four per irrigation group) 
were selected to repeatedly measure non-structural carbohydrate concentration ([NSC]) 
before (DOY 221), during (three weeks after onset of drought; DOY 243) and after (at 
harvest; DOY 288) the drought period. Samples were taken from mid-canopy full grown 
leaves and from xylem and bark tissues of lignified branches. Bark and xylem tissues were 




stored at -80 °C. Before analysis, samples were oven dried (70 °C, 72 h) and grinded (Ultra 
Centrifugal Mill ZM 200, Retsch, Haan, Germany). A modified protocol from Maness 
(2010) was used to determine [NSC]. Soluble sugars (SS) were extracted by incubating 
20 mg of dried tissues in 1 mL of 80 % ethanol at 80 °C. This process was repeated twice, 
and extracts were combined and stored at -20 °C until analysis. The insoluble material 
was used for starch determination. Starch was transformed into glucose monomers using 
amyloglucosidase from Aspergillus niger at 50 U mL-1 (Sigma-10115) and α-amylase from 
Bacillus licheniformis at 500 U mL-1 (Sigma-A4582) in 0.1 M NaAc (pH 4.5). The mix was 
incubated for 2 h at room temperature and for 24 h at 55 °C. Sugar monomers from the 
ethanolic extract or starch enzymatic digestion were quantified by the anthrone–sulfuric 
acid colorimetric microassay, based on Laurentin and Edwards (2003), using 96-well 
microplates. The values were quantified according to a standard curve with known 
concentrations of glucose, fructose and galactose in the case of SS (0–10–50–100–250–
500–750–1000 ppm), and glucose (0–10–50–100–250–500–750–1000 ppm) in the case 
of starch. Standards and samples were measured at 630 nm in an ELx808™ Absorbance 
Microplate Reader (BioTek Instruments, Inc., Winooski, VT, USA). Total [NSC] was 
calculated by adding the concentrations of SS and starch. 
Data analyses 
Microclimate and continuous stem (ΔD and SF) measurements were registered every 
minute and averaged every five minutes using a datalogger (CR1000, Campbell Scientific, 
Logan, UT, USA). Data was retrieved, stored and visualized using the PhytoSense 
software (Phyto-IT, Gent, Belgium). Statistical analyses were performed using R software 
(R Core Team, 2018). Pre-drought differences and treatment effects over time during 
drought on leaf (gs, An, RL) and whole-tree (gc_daily, DG, EA_daily) functioning were assessed 
using linear mixed effects models (nlme package) including an autoregressive temporal 
correlation structure, with [CO2] treatment (aCO2 or eCO2), irrigation treatment (well-
watered or drought stressed) and their interaction as fixed effects and tree as random 
factor. Stepwise backward selection was applied for model selection. When significant, 
post-hoc multiple comparison among treatment groups were evaluated by Tukey tests 
(multcomp package). The effect of eCO2 and drought on dry biomass, [SS], [starch] and 
[NSC] for each tissue and sampling period was assessed using linear models including 
the [CO2] treatment, the irrigation treatment and their interaction, followed by stepwise 
backward selection and post-hoc analysis. Normality and homogeneity of variances were 
tested, and data was log transformed when necessary.  
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The evolution of leaf and whole-tree variables across a gradient of drought was evaluated 
according to Muller et al. (2011). The normalized value of each variable per individual 
drought stressed tree (as the percentage of the well-watered average) was regressed 
against the corresponding reduction in Ψxylem (ΔΨ; as the difference from the well-watered 
average). A sigmoidal curve was then fitted using the nls function:  
 
y = 1
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#  s       Equation 4.1 
 
where y is the normalized value of the dependent variable (%), a defines the reduction 
rate of the curve, b is the inflection point (MPa), and s is the settling plateau (%) 
determining the maximum y reduction across the surveyed drought gradient. Note that the 
first term of the right-hand side represents a classic vulnerability curve, while the second 
term allows for a settling plateau different from zero. A lower limit was set to force the initial 
point of the sigmoidal curve (at ΔΨ = 0) above 95 % of the control average. Effects of the 
seasonal timing (early and late season), [CO2] treatment, and spatial level (leaf and whole-
tree) were assessed for each of the curve parameters (a, b and s) by fitting linear models. 
Goodness of fit was determined by calculated of the correlation between measured and 
predicted values (stats package). Strong (P < 0.05) and moderate (P < 0.10) statistical 
differences are reported for those tests with small sample size (n = 3-5). Values refer to 
mean ± standard error. 
Results 
Chamber microclimate and treatment effectiveness 
Average chamber [CO2] during daytime (PAR > 5 µmol m-2 s-1) was 458.41 ± 3.38 ppm 
(aCO2) and 706.81 ± 5.84 ppm (eCO2) during ESE and 435.94 ± 6.67 ppm (aCO2) and 
691.61 ± 8.08 ppm (eCO2) during LSE (Supporting Information Figure S4.1). Average 
daytime PAR did not differ between [CO2] treatment chambers and was 590.17 ± 
13.95 μmol m-2 s-1 and 500.18 ± 17.94 μmol m-2 s-1 during ESE and LSE, respectively. 
Average T and VPD was 24.57 ± 0.32 °C and 1.20 ± 0.04 kPa during ESE and 25.45 ± 
0.40 °C and 1.39 ± 0.06 kPa during LSE. Average T was similar between [CO2] chambers. 
VPD did not differ between [CO2] treatment chambers during ESE. Contrastingly, during 




0.09 and 1.17 ± 0.07 for aCO2 and eCO2), as a likely consequence of stimulated canopy 
area development and transpiration under eCO2, hereby increasing chamber RH.  
During ESE, dry biomass of leaves, roots and stems (Figure 4.1) were consistently 
reduced under drought (P < 0.001), while eCO2 uniquely resulted in moderate increases 
of root dry biomass (P < 0.1). During LSE, root and stem dry biomass increased under 
eCO2 (P < 0.001), while drought lowered leaf (P < 0.05) and root (P < 0.01) dry biomass. 
Root:shoot ratio was not affected by any treatment during ESE (P > 0.1), but was reduced 
under drought during LSE (P < 0.05, Figure S4.2). Interaction between eCO2 and drought 
had no significant effect on dry biomass of any organ or the root:shoot ratio during ESE or 
LSE (P > 0.1). The drought treatment reduced Ψxylem at midday (P < 0.001, Figure 4.2) and 
pre-dawn (P < 0.01 Figure S4.3) over time. No significant interaction between the [CO2] 
and irrigation treatment was detected and eCO2 did not alter Ψxylem or Ψpd among well-
watered or drought stressed trees during any of the seasonal experiments (P > 0.1). 
 
 
Figure 4.1 Leaf, stem (including branches) and root dry biomass at the end of the early (ESE - 2019) and late 
(LSE - 2018) season drought experiment.  
One-year-old European aspen trees were subjected to combined treatments of [CO2] (a and e for ambient and 
elevated [CO2], respectively) and drought stress (W and D for well-watered and drought stress, respectively). 
Letters indicate statistical differences in dry biomass among treatment combinations (linear model, P < 0.05, 
n = 4-5 and 9-12 for ESE and LSE, respectively). Note log scale of y-axis. 




Figure 4.2  Midday stem xylem water potential (Ψxylem) over time during the early (ESE -  2019) and late 
(LSE - 2018) season drought experiment.  
One-year-old European aspen trees were subjected to combined treatments of [CO2] (a and e for ambient and 
elevated [CO2], respectively) and drought stress (W and D for well-watered and drought stressed, 
respectively). Vertical lines indicate the start of the drought treatment. With DOY day of year. 
Leaf and whole-tree responses over time 
Leaf responses to drought over time are shown in Figure 4.3 for LSE, with higher temporal 
resolution and coverage, and Figure S4.4 for ESE, whereas tree responses are shown in 
Figure 4.4 and S4.5, respectively. At leaf scale and during the well-watered period 
(Figure 4.3 and S4.4, left-hand side panels), gs remained unaffected under eCO2 during 
both seasonal experiments (P > 0.1), An was stimulated during ESE and LSE (P < 0.001), 
while RL remained unaffected during LSE (P > 0.1), but was stimulated during ESE 
(P < 0.01). Pre-drought differences between irrigation groups were not observed for any 
of the leaf variables during any of the seasonal experiments (P > 0.1). When facing drought 
(Figure 4.3 and S4.4, right-hand side panels), the effects of the [CO2] treatment were 
limited to an overall reduction of RL during LSE (P < 0.05) and an increase of An during 
ESE (P < 0.01), while gs remained unaltered (P > 0.1). Contrastingly, the drought treatment 
led to an evident decline in gs (P < 0.01 during both ESE and LSE), An (P < 0.01 and 0.001 




respectively). The interaction between the [CO2] and irrigation treatment was not 
significant for any of the leaf variables or seasonal experiments (P > 0.1).  
 
 
Figure 4.3  Comparison of leaf stomatal conductance (gs, a-b), net carbon assimilation (An, c-d) and leaf 
respiration (RL, e-f) in the late season experiment (2018) during the pre-drought period (left-hand side panels) 
and over time during the drought period (right-hand side panels).  
One-year-old European aspen trees were subjected to combined treatments of [CO2] (a and e for ambient and 
elevated [CO2], respectively) and drought stress (W and D for well-watered and drought stressed, 
respectively). Letters indicate statistical differences (linear mixed model, P < 0.05) among treatment 
combinations. With DOY day of year. 
Whole-tree responses (gc_daily, DG and EA_daily) during the well-watered period (Figure 4.4 
and S4.5, left-hand side panels) were not affected by the [CO2] or irrigation treatment 
(P > 0.1), with the exception of a moderate DG stimulation in well-watered trees during 
LSE (P < 0.1). After onset of drought (Figure 4.4 and S4.5, right-hand side panels), eCO2 
resulted in an apparent short-term increase of gc_daily among drought stressed trees during 
LSE (P > 0.1 during the first 5 days of LSE). With progressing drought, gc_daily lowered 
under both [CO2] treatments and seasonal experiments (Figure 4.4b and  S4.5b), with a 
significant reduction of gc_daily during the last 17 days among the drought stressed trees (P 
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< 0.05). Regarding stem volumetric growth, drought stress reduced DG under both [CO2] 
treatments and seasonal experiments (P < 0.01), while CO2 induced a moderate 
stimulation of DG during ESE (P < 0.1) but not during LSE (P > 0.1). Stem CO2 efflux was 
not affected by the [CO2] treatment (P > 0.1) but reduced under drought during the last 
4 days of LSE (P < 0.01, Figure 4.4f). 
 
 
Figure 4.4  Comparison of whole-tree canopy conductance (gc_daily, a-b), daily stem volumetric growth (DG, c-
d) and stem CO2 efflux (EA_daily, e-f) in the late season experiment (LSE - 2018) during the pre-drought period 
(left-hand side panels) and over time during the drought period (right-hand side panels).  
One-year-old European aspen trees were subjected to combined treatments of [CO2] (a and e for ambient and 
elevated [CO2], respectively) and drought stress (W and D for well-watered and drought stressed, 
respectively). Letters indicate statistical differences (linear mixed model, P < 0.05) among treatment 
combinations. The data gap in EA_daily in the aCO2 growth chamber was caused by a malfunction of the air 





During the well-watered period (Figure 4.5, left-hand side panels), eCO2 increased [NSC] 
in leaf (P < 0.01) and xylem (P < 0.05) tissues, while the increase in bark tissues was only 
moderate (P < 0.1). Differences in leaf [NSC] were attributed to higher [starch] and [SS], 
whereas enhanced xylem [NSC] was solely attributed to increased [SS]. There were no 
pre-drought differences between irrigation groups (P > 0.1).  
 
 
Figure 4.5  Concentration of soluble sugars (SS, light coloured bars) and starch (dark coloured bars) before 
the start of the drought period (DOY 221, left-hand side panels), after three weeks of drought (DOY 243, middle 
panels) and at the end of the experiment at harvest (DOY 288, right-hand side panels) in leaf, bark and xylem 
tissues during the late season experiment (2018).  
One-year-old European aspen trees were subjected to combined treatments of [CO2] (a and e for ambient and 
elevated [CO2], respectively) and drought stress (W and D for well-watered and drought stress, respectively). 
Non-structural carbohydrate concentration ([NSC]) is the sum of [SS] and [starch]. Error bars indicate the 
standard error (SE) of total [NSC]. Letters indicate statistical differences in [NSC] among treatment 
combinations (linear model, P < 0.05). 
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Three weeks into the drought period (Figure 4.5, middle panels) [NSC] in drought stressed 
trees was reduced in leaf (P < 0.05) and bark (P < 0.01), mainly as a result of lower [starch]. 
No significant differences in xylem [NSC] were detected between irrigation groups (P > 
0.1). At this time, the effect of eCO2 was limited to an overall increase in bark (P < 0.05), 
as a result of higher bark [starch], and a moderate increase in xylem NSC (P < 0.1). At 
harvest, after nine weeks of drought treatment application (Figure 4.5, right-hand side 
panels), [starch] and [NSC] were reduced in all tissues (P < 0.01) by drought stress, while 
eCO2 only led to a moderate overall increase in xylem [NSC] (P < 0.1). 
 Dynamics in tree responses to progressing drought  
To assess leaf and whole-tree responses under progressing drought, relative reductions 
in water use (gs, gc_daily), C gain (An, DG) and C loss (RL, EA) during ESE and LSE 
(Figure 4.6 and S4.6) were compared by means of the parameters of fitted sigmoidal 
curves (Table 4.1). Early season drought-induced reduction in leaf scale water use was 
only moderately affected under eCO2, as the inflection point was shifted to smaller ΔΨ 
(P < 0.1) while other curve parameter were left unaltered (P > 0.1). During LSE, however, 
the gs drought response was highly affected by eCO2: the inflection point was shifted to 
larger ΔΨ (P < 0.001), the reduction rate slowed down (P < 0.01) and the settling plateau 
lowered (P < 0.01) under eCO2. For leaf C gain, An reduction with progressing drought did 
not differ between eCO2 and aCO2 during ESE (P > 0.1). During LSE, reduction rate was 
left unaltered while the settling plateau of An was lowered under eCO2 (P < 0.05). The 
inflection point was apparently shifted to larger ΔΨ under eCO2, however, the effect of the 
[CO2] treatment being not significant (P = 0.11, Figure S4.6). Leaf C loss was not affected 
by the [CO2] treatment during the early or late season (P > 0.1). At the whole-tree scale, 
[CO2] treatment did not alter any of the surveyed variables during any of the seasonal 
experiments (gc, DG or EA_daily; Figure 4.6, right-hand side panels, Table 4.1). This 
observation indicates that differences in leaf responses to drought under eCO2, did not 





Figure 4.6 Normalized value (as percentage of the well-watered average) of leaf (left-hand side panels) and 
whole-tree (right-hand side panels) measurements with increasing drought stress (∆Ψ = well-watered – 
drought stressed xylem water potential) along the course of the early (green, ESE – 2019) and late (orange, 
LSE - 2018) season experiments, in which one-year-old European aspen trees were subjected to combined 
treatments of [CO2] and drought stress. Measurements include stomatal conductance (gs) and daily canopy 
conductance (gc) to describe water use (upper panels), leaf net carbon assimilation (An) and daily stem 
volumetric growth (DG) to describe carbon gain (middle panels), and leaf respiration (RL) and daily stem CO2 
efflux (EA) to describe carbon respiratory losses (lower panels).  
Open and closed points indicate trees subjected to ambient (aCO2) and elevated (eCO2) [CO2], respectively. 
Average curve parameters (a, b and s) and corresponding standard error were calculated across parameters 
individually adjusted per tree and used to display the average drought response curve and error band. Curve 
parameters were averaged across all trees when no differences (P > 0.05) were observed between [CO2] 
treatments for any parameter. Different curves for aCO2 and eCO2 are shown when differences (P < 0.05) 
were observed for at least one parameter, with different curves being built considering uniquely differential 
parameters. 
Limited effect of elevated CO2 under drought stress  
 
 85 
Table 4.1 Mean values and standard error of fitted parameters (reduction rate a, inflection point b and settling plateau s) of the sigmoidal curves defining relative reductions in stomatal conductance 
(gs), daily canopy conductance (gc), leaf net carbon assimilation (An), daily stem volumetric growth (DG), leaf respiration (RL) and stem CO2 efflux (EA). Measurements were conducted during an 
early (ESE - 2019) and late (LSE - 2018) season experiment and under ambient (aCO2) and elevated (eCO2) [CO2] growing conditions.  
Different letters indicate significant differences (• P < 0.1, * P < 0.05, t.test or wilcox.test) between [CO2] treatment levels (aCO2 and eCO2) for each parameter of the fitted curve. Mean value and 
standard error of the correlation between measured and predicted values is shown as proxy of the goodness of fit (GF) of the sigmoidal curves and differences between spatial scales (leaf vs. 
whole-plant) within each flux-type (water use (gs, gc) , carbon gain (An, DG) and carbon loss (RL, EA)) are also indicated (• P < 0.1, * P < 0.05, linear mixed model). Daily canopy conductance under 
aCO2 during ESE represents one tree only due to delayed onset of SF measurements. 
   Reduction rate (a) Inflection point (-b, MPa) Settling plateau (s, %) GF 









gs 11.05 ± 5.13 a 38.8 ± 20.59  a 
 
0.78 ± 0.13 a 0.44 ± 0.13 b• 
 
0.02 ± 0.02 a 0.03 ± 0.02 a 
 
0.78 ± 0.08 0.78 ± 0.07 
gc 3.49 a 18.46 ± 4.20  a  0.84 a  0.46 ± 0.25  a 0.00 a  0.00 ± 0.00  a 0.75 0.99 ± 0.01 
C gain 
An 50.81 ± 30.82 a 13.46 ± 5.68  a 
 
0.90 ± 0.20 a 0.89 ± 0.17 a 
• 
0.01 ± 0.01 a 0.00 ± 0.00 a 
 
0.73 ± 0.14 0.78 ± 0.07 
DG 46.28 ± 29.75 a 40.70 ± 19.57  a 0.70 ± 0.27 a 0.34 ± 0.10 a 0.00 ± 0.00 a 0.00 ± 0.00 a 0.80 ± 0.05 0.82 ± 0.05 
C loss 
RL 21.78 ± 10.01 a 13.65 ± 7.46  a 
 
1.11 ± 0.28 a 1.52 ± 0.79 a 
 
0.23 ± 0.09 a 0.16 ± 0.07 a 
 
0.82 ± 0.04 0.73 ± 0.13 








gs 35.98 ± 4.42 a 10.34 ± 2.81  b* 
 
0.11 ± 0.03 a 0.53 ± 0.07 b* 
 
0.21 ± 0.02 a 0.08 ± 0.02 b* 
* 
0.46 ± 0.15 0.72 ± 0.11 
gc 7.09 ± 1.58 a 10.82 ± 1.98  a 0.47 ± 0.21 a 0.55 ± 0.31 a 0.01 ± 0.01 a 0.00 ± 0.00 a 0.80 ± 0.08 0.57 ± 0.24 
C gain 
An 22.42 ± 9.02 a 47.97 ± 34.14  a 
 
0.33 ± 0.10 a 0.56 ± 0.08 a 
• 
0.08 ± 0.04 a 0.01 ± 0.01 b* 
* 
0.72 ± 0.05 0.89 ± 0.06 
DG 16.90 ± 7.10 a 28.23 ± 11.54  a 0.32 ± 0.06 a 0.23 ± 0.06 a 0.00 ± 0.00 a 0.00 ± 0.00 a 0.58 ± 0.13 0.52 ± 0.07 
C loss 
RL 9.81 ± 2.74 a 18.65 ± 9.30  a 
 
0.56 ± 0.10 a 0.44 ± 0.15 a 
 
0.54 ± 0.10 a 0.33 ± 0.07 a 
 
0.74 ± 0.11   0.71 ± 0.03 




When comparing leaf and whole-tree drought responses within a single seasonal experiment 
and flux type (i.e. left- versus right-hand side panels in Figure 4.6), differences in drought-
induced reductions between spatial scales were assessed for water use (gs vs. gc_daily), C gain 
(An vs. DG) and C loss (RL and EA_daily) responses (Table 4.1). For water processes, difference 
between spatial scales was limited to a higher settling plateau for gs in comparison to gc_daily 
(P < 0.01) during the LSE. For C gain, the inflection point was moderately smaller for DG than 
for An during ESE (P < 0.1) and LSE (P < 0.01), indicating an earlier drought-driven reduction 
in DG than An. Additionally, a small, yet significant, difference was found between the settling 
plateau of An and DG during the LSE (P < 0.05). This residual leaf activity (in gs and An) relative 
to whole-tree activity cessation (in gc_daily and DG) under severe drought likely reflects 
sampling bias towards functional greener leaves. No differences in the fitted parameters were 
observed between RL and EA curves during LSE (P > 0.1).  
Early and late season drought responses were compared by pooling data from both [CO2] 
treatments. Differences between seasonal experiments were limited to leaf scale gs (P < 0.05), 
An (P < 0.01), with a shift of the inflection point to smaller ΔΨ during LSE. Also, inflection point 
of RL was moderately shifted to smaller ΔΨ during the late compared to the early season (P < 
0.1). All reduction rates and inflection points of whole-tree gc_daily and DG remained unaffected 
by the seasonal timing of drought (P > 0.1).  
To explore the sequential down-regulation of different processes (An, gs, RL, DG, gc_daily and 
EA_daily) under progressive drought independent of the [CO2] conditions and the seasonal 
timing of the drought event, curve parameters from both ESE and LSE and aCO2 and eCO2 
were combined (Figure 4.7). Overall, stem volumetric growth was the first process to decline, 
with the DG inflection point (ΔΨ = 0.38 ± 0.07 MPa) being smaller (P < 0.05) than that of An 
(0.67 ± 0.09 MPa), EA_daily (0.62 ± 0.14 MPa) and RL (0.98 ± 0.25 MPa). However, no 
differences was found (P > 0.1) between the inflection point of DG and that of gs (0.45 ± 0.07 
MPa) or gc_daily (0.55 ± 0.11 MPa). At maximal drought levels, the settling plateau was highest 
for C loss (respiratory) fluxes (28.83 ± 5.00 and 31.12 ± 5.59 % for RL and EA_daily, 
respectively), reflecting substantial maintenance of respiratory metabolism. The reduction rate 








Figure 4.7 Normalized value (as a percentage of the well-watered average) of leaf and whole-tree measurements 
with increasing drought stress (∆Ψ = well-watered – drought stressed xylem water potential). Measurements 
include stomatal conductance (gs), daily canopy conductance (gc), leaf net carbon assimilation (An), daily stem 
volumetric growth (DG), leaf respiration (RL) and daily stem CO2 efflux (EA). 
Average curve parameters and corresponding standard error were calculated across parameters individually 
adjusted per tree, independent of the [CO2] treatment and seasonal experiment, and used to display the averaged 
drought response curve and error band. Line colours differentiate among flux-types (with blue, green and red 
representing water use (gs, gc), carbon gain (An, DG) and carbon loss (RL, EA), respectively). Light and dark lines 
indicate leaf and whole-tree measurements, respectively.  
Discussion 
Different responses during early and late season drought 
Dry biomass was differently affected by the drought and [CO2] treatments during the early and 
the late season (Figure 4.1). Dry biomass remained unaffected under eCO2 in the early 
season but reduced under drought. Contrastingly, dry biomass increased under eCO2 in the 
late season, while remaining unaltered by the drought treatment. Timing of drought events on 
whole-tree development only gained interest over the last decade (Granda et al. 2013, 
Lévesque et al. 2013, Camarero et al. 2015, D’Orangeville et al. 2018, Forner et al. 2018). 
Previous studies agree with our observations on the young Populus trees that the early season 
drought event altered current year growth. For example, a study including 346 temperate 




volumetric growth, while stem volumetric growth remained largely unaltered when drought 
occurred later in the season (D’Orangeville et al. 2018). The root:shoot ratio (Figure S4.2) was 
unaffected by eCO2 during ESE and LSE. This observation indicates proportional stimulation 
of above- and below-ground biomass production, as similarly observed in short-rotation 
Populus plantation (Calfapietra et al. 2003). During LSE, root:shoot ratio was higher for well-
watered trees as a result of the relatively stronger drought-driven inhibition of root growth 
during the last month of LSE (DOY 253 – 288) as root productivity may increase under well-
watered conditions as the growing season progresses (Broeckx et al. 2014). 
Differences between early and late season drought responses were also observed at leaf 
scale with increasing drought (ΔΨ). Independently of the [CO2] treatment, drought-induced 
reduction of An, gs and RL occurred at smaller ΔΨ during the late season in comparison with 
the early season, confirming our first hypothesis (Figure 4.6). Early season leaf development 
is largely dependent on C availability for new cell differentiation and development. As the 
season progresses, leaf growth will be mainly driven by cell enlargement and thus turgor 
pressure and water availability (Pantin et al. 2012). According to the high C sink strength of 
young leaves, Pantin et al. (2012) suggested that leaf drought tolerance decreases with leaf 
age since reduced C allocation towards old leaves will result in a limited ability for osmotic 
adjustement to face drought. We suggest that high C requirements during the early season 
for the development of both aboveground and belowground tissues could trigger a less 
conservative behavior in water use, with prolonged leaf scale activity despite potentially larger 
reductions in Ψxylem. Oppositely, lower C requirements during the late season may have 
resulted in a comparatively rapid down-regulation of leaf gas exchange to improve plant water 
status. In any case, our observations should be interpreted with caution as inter-annual 
differences in tree sets and climatic conditions (summer 2018 was extremely warm in central 
Europe) could bias comparisons between early and late season experiments.  
Drought mitigation under elevated CO2 at leaf and whole-tree scale 
During the drought period and over time, effects of the [CO2] treatment were limited to an 
overall increase in An and a reduction in RL during ESE and LSE, respectively (Figure 4.3f and 
S4.4d). Stomatal conductance remained, however, unaffected by the [CO2] treatment over 
time, suggesting no mitigation or aggravation of drought under eCO2 (Figure 4.3b). Despite 
the neutral effect of eCO2 on Ψxylem (Figure 4.2), discrepancies in eCO2 mitigating effects arose 
when comparing drought responses over time (Figure 4.3; drought responses were not 
affected by eCO2) and along ΔΨ gradients (Figure 4.6; delayed and slowed down stomatal 
closure under eCO2). We suggest that assessment of drought responses against the 
corresponding ΔΨ measured in situ (rather than over time) might provide more accurate 
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insights on the potential leaf acclimation to eCO2 over the surveyed drought gradient. With 
declining water status eCO2 delayed and slowed the reduction of gs during LSE, counter to 
expectations of an earlier stomatal closure based on stomatal behaviour under well-watered 
conditions (Ainsworth and Rogers 2007, Walker et al. 2020). In parallel, an apparent delay in 
An reduction was noticed under eCO2 (Figure S4.6), likely masked by the limited statistical 
power of our test (n = 5). When drought was moderate (ΔΨ < 0.5 MPa), stomata remained 
open in eCO2 grown leaves, allowing leaf gas exchange under greater xylem tension. This 
less conservative behaviour under eCO2 may transiently mitigate drought in terms of C uptake. 
An eCO2-induced delay of photosynthetic inhibition has previously been observed in different 
tree species (Goodfellow et al. 1997, Herrick et al. 2004, Birami et al. 2020), and it is usually 
attributed to the alleviation of C limitation to RuBisCo carboxylation activity after partial 
stomatal closure (Menezes-Silva et al. 2019). In the young P. tremula trees surveyed here, 
however, the apparent prolonged An activity under eCO2 can most likely be attributed to the 
delayed stomatal closure. When drought was most severe (ΔΨ > 1 MPa), final settling 
plateaus of gs and An were lower under eCO2, indicating lower residual water loss to the 
detriment of limited C fixation. The dependency of the settling plateaus for both gs and An on 
the [CO2] treatment partly refutes our second hypothesis, as the effects of the [CO2] treatment 
did not completely vanished at highest levels of drought severity.  
Supporting our third hypothesis, none of the whole-tree responses to drought (gc, DG and EA) 
were altered by eCO2 along the surveyed gradient of water potential (Figure 4.6). In terms of 
water use, delayed gs reduction under eCO2 with increasing drought did not lead to parallel 
alterations in whole-tree water use (gc_daily). In their review, Choat et al. (2018) suggested that 
stomatal response curves under drought can be used as a proxy for xylem hydraulic 
vulnerability, as stomatal closure will delay critical xylem tension than might result in embolism 
formation. Following this reasoning, later onset of stomatal closure under eCO2 would imply 
later onset of drought-induced embolism and thus delayed gc_daily reduction (Venturas et al. 
2017, Choat et al. 2018). Nonetheless, unresponsive canopy conductance to the [CO2] 
treatment does not support this idea, highlighting the likelihood for misjudgement when effects 
of eCO2 on hydraulic functioning are solely based on eCO2-induced alterations of drought 
responses measured at the leaf scale. Stimulation of leaf An under eCO2 before the onset of 
drought for both ESE and LSE (Figure 4.3 and S4.4) and consequent initial increases in leaf 
and xylem [NSC] (Figure 4.5) did not mitigate detrimental effects of drought on stem volumetric 
growth, as DG similarly ceased under both [CO2] treatments after relatively small drop in water 
potential. Likewise, the drought-driven reduction of EA and its settling plateau, as a proxy of 




(rather than leaf C availability) govern the regulation of stem growth and respiratory 
metabolism when facing drought stress.  
Sequential down-regulation of leaf and whole-tree carbon processes 
Over the past two decades, the traditional perspective of C (source) driven plant growth has 
been challenged by the growing body of studies evidencing the major role of the C sink 
strength (Körner 2003, 2015, Sala et al. 2012, Fatichi et al. 2014, 2019, Steppe et al. 2015, 
Peters et al. 2020b). Although this revisited view of sink driven tree growth does not dispute 
the relevance of C availability, its importance is downgraded as it no longer outranks other key 
drivers, including nutrient and water availability, and other environmental conditions as 
temperature (Körner 2015). When one of the key drivers becomes limiting, tree growth would 
immediately decline, despite possible and temporal preservation of An (Fatichi et al. 2014). 
Accordingly, this sequential drought response over time has been observed in different tree 
species (Muller et al. 2011, Mitchell et al. 2014, Lin et al. 2018) including Populus spp. 
(Bogeat-Triboulot et al. 2007). Here, in the young Populus trees under study, earlier reductions 
in stem volumetric growth were also observed when facing drought despite the continued C 
gain (An) (Figure 4.7).  
During the period of zero stem volumetric growth and continued C gain at early drought stages, 
tree C balance could improve, leading to potential accumulation of NSC (Mitchell et al. 2014, 
Lin et al. 2018) if C respiratory expenditures do not exceed C uptake. Here, when facing 
moderate drought (three weeks into the drought period; Ψxylem < -2 MPa), NSC measurements 
did, however, not indicate any improvement in the C status in any of the sampled tissues 
(Figure 4.5). On the contrary, drought lowered [NSC] in leaf and bark tissues, whereas [NSC] 
levels remained unaffected in the xylem. The reason for the absence of C accumulation is 
twofold. First, the delay in An reduction compared to DG cessation (i.e. the carbon safety 
margin; as defined in Mitchell et al. 2014) was relatively small, with a difference in inflection 
points of 0.30 MPa. A small C safety margin limits the time window during which C 
accumulation is possible (Mitchell et al. 2014), hereby making young P. tremula trees rapidly 
dependent on their NSC pools, as similarly observed in young P. deltoides trees (Wertin and 
Teskey 2008). Second, and according to the growth and maintenance respiration paradigm 
(Amthor 1984), growth respiration is expected to cease in parallel to growth rates. However, 
basal respiration rates should be maintained to meet metabolic requirements as long as the 
tree is alive (maintenance respiration). Therefore, potential C accumulation during zero stem 
volumetric growth and moderate drought levels was counterbalanced as leaf respiration and 
stem CO2 efflux did not decrease before leaf C gain did, hereby resulting in the observed 
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partial depletion of NSC pools throughout tree organs (Adams et al. 2013, Hartmann and 
Trumbore 2016).  
With increasing drought, maintenance respiratory metabolism decreased, but remained active 
in both foliar and woody tissues, stabilizing at approximately 30 % of well-watered conditions. 
CO2 efflux in drought stressed trees was fuelled by remaining NSC pools, explaining the 
progressive depletion of NSC throughout tissues as drought intensity increased from 
moderate to severe. It is worthy to note that only under well-watered conditions (during the 
pre-drought period), as a likely consequence of stimulated An, [NSC] increased under eCO2 
in foliar and xylem tissues. However, the progressive depletion of NSC pools with drought was 
not affected by the [CO2] treatment, as pre-drought differences between aCO2 and eCO2 
grown trees disappeared under moderate and severe drought levels. These observations 
suggest non prioritized allocation of C surplus for storage, as it could be expected in young 
and fast growing trees (Wertin and Teskey 2008, Salomón et al. 2018b, Gattmann et al. 2020). 
Taken together, our observations highlight complex NSC dynamics under drought, and 
question the ability of eCO2 to mitigate drought.  
Conclusions 
In conclusion, four insights can be gained from this study. First, drought-induced down-
regulation of leaf gas exchange occurred faster during the late than during the early season. 
A greater C demand during the early season may have triggered this less conservative 
behaviour in water use. Water conservation might become more important as the season 
progresses and turgor pressure driving cell enlargement gains relative importance for leaf 
volumetric growth. Second, the [CO2] treatment had limited effects on leaf responses to 
drought in young Populus tremula trees and effects were restricted to the late season only. 
With increasing levels of drought (greater ΔΨ), gs reduction was less susceptible under eCO2. 
Likewise, an apparent delay in the reduction of An occurred under eCO2, with the effect being 
not significant. Third, despite the limited alterations in leaf scale drought dynamics, whole-tree 
drought responses remained unaltered under eCO2 with decreasing water potential. This 
highlights the complexity of the interaction between leaf and whole-tree responses under 
combined drought stress and eCO2. Fourth, when combining data across [CO2] treatments 
and seasonal experiments, stem volumetric growth ceased earlier than An under drought 
stress, while leaf respiration and stem CO2 efflux (as proxy for stem respiration) were 
maintained at 30 % of pre-drought levels, even under most severe drought. This sequential 
down-regulation of physiological processes resulted in a progressive depletion of NSC pools 




results suggest that the ability of eCO2 to mitigate drought stress is small and limited to leaf 
processes and moderate drought stress levels during the late season.   








Figure S4.1 Average chamber CO2 concentration ([CO2]) during daytime (PAR > 5 μmol m-2 s-1), photosynthetically 
active radiation (PAR), temperature (T) and vapor pressure deficit (VPD) in the ambient (aCO2, light grey) and 
elevated (eCO2, dark grey) [CO2] growth chamber and along the course of the early (ESE - 2019, left-hand side 














Figure S4.2 Root-to-shoot ratio at the end of the early (ESE - 2019) and late (LSE - 2018) season drought 
experiment.  
One-year-old European aspen trees were subjected to combined treatments of [CO2] (a and e for ambient and 
elevated [CO2], respectively) and drought stress (W and D for well-watered and drought stress, respectively). 
Letters indicate statistical differences among treatment combinations (linear model, P < 0.05, n = 4-5 and 9-12 for 
ESE and LSE, respectively).  





Figure S4.3 Pre-dawn water potential (Ψpd) over time during the early (ESE - 2019) and late (LSE - 2018) season 
experiments.  
One-year-old European aspen trees were subjected to combined treatments of [CO2] (a and e for ambient and 
elevated [CO2], respectively) and drought stress (W and D for well-watered and drought stressed, respectively). 






Figure S4.4 Comparison of leaf stomatal conductance (gs, a-b), net carbon assimilation (An, c-d) and respiration 
(RL, e-f) in the early season experiment (2019) during the pre-drought period (left-hand side panels) and over time 
during the drought period (right-hand side panels).  
One-year-old European aspen trees were subjected to combined treatments of [CO2] (a and e for ambient and 
elevated [CO2], respectively) and drought stress (W and D for well-watered and drought stressed, respectively). 
Letters indicate statistical differences (linear mixed model, P < 0.05) among treatment combinations. With DOY 
day of year.  
  





Figure S4.5 Comparison of whole-tree canopy conductance (gc, a-b) and daily stem volumetric growth (DG, c-d) in 
the early season experiment during the pre-drought period (left-hand side panels) and over time during the drought 
period (right-hand side panels).  
One-year-old European aspen trees were subjected to combined treatments of [CO2] (a and e for ambient and 
elevated [CO2], respectively) and drought stress (W and D for well-watered and drought stressed, respectively). 
Letters indicate statistical differences (linear mixed model, P < 0.05) among treatment combinations. With DOY 







Figure S4.6 Normalized value (as percentage of the well-watered average) of leaf (left-hand side panels) and 
whole-tree (right-hand side panels) measurements with increasing drought stress (∆Ψ = well-watered – drought 
stressed xylem water potential) along the course of the early (green, ESE - 2019) and late (orange, LSE - 2018) 
season experiments, in which one-year-old European aspen trees were subjected to combined treatments of [CO2] 
and drought stress. Measurements include stomatal conductance (gs) and daily canopy conductance (gc) to 
describe water use (upper panels), leaf net carbon assimilation (An) and daily stem volumetric growth (DG) to 
describe carbon gain (middle panels), and leaf respiration (RL) and daily stem CO2 efflux (EA) to describe carbon 
respiratory losses (lower panels).  
Open and closed points indicate one-year-old European aspen trees subjected to ambient (aCO2) and elevated 
(eCO2) [CO2], respectively. Average curve parameters (a, b and s) and corresponding standard error were 
calculated across parameters individually adjusted per tree and used to display the average drought response 
curve and error band. Curve parameters were averaged across all trees per [CO2] treatment and seasonal 







Elevated CO2 increases hydraulic vulnerability  
in young European aspen trees  










Lauriks F, Salomón RL, De Roo L, Goossens W, Leroux O, Steppe K. Elevated CO2 
increases hydraulic vulnerability in young European aspen trees during early but not during 





The timing of abiotic stress elicitors on wood formation largely affect xylem traits that 
determine xylem efficiency and vulnerability. Nonetheless, seasonality in effect of elevated 
atmospheric carbon dioxide concentration (eCO2) on tree drought responses remains 
largely unknown. To address this knowledge-gap, one-year-old Populus tremula L. trees 
were grown under ambient and elevated CO2 and exposed to early (spring/summer 2019) 
and late (end of summer 2018) season drought events. Stomatal conductance and stem 
shrinkage were monitored in vivo as xylem water potential decreased. Additional trees 
were harvested for characterization of wood anatomical traits and to determine 
vulnerability and desorption curves via bench dehydration. The abundance of narrow 
vessels decreased under eCO2 only during the early season. At this time, xylem 
vulnerability to embolism formation and hydraulic capacitance during severe drought 
increased under eCO2. Contrastingly, stomatal closure was delayed during the late 
season, while hydraulic vulnerability and capacitance remained unaffected under eCO2. 
Independently of the CO2 treatment, elastic and inelastic water pools depleted 
simultaneously after halfway of complete stomatal closure. Our results suggest that the 
effect of eCO2 on drought physiology and wood traits varies during the season, and 
questions a sequential capacitive water release from elastic and inelastic pools as drought 
proceeds.  
Introduction 
Forests are exposed to unprecedented climate changes driven by a rapid rise in 
atmospheric CO2 concentration ([CO2]). As a consequence, air temperature is rapidly 
increasing and precipitation patterns are altering, often leading to longer and more intense 
drought episodes (IPCC 2018). Drought, in particular when exacerbated by high 
temperature and vapor pressure deficit, has far-reaching effects on tree functioning and 
vitality (Choat et al. 2018, Hartmann et al. 2018, Brodribb et al. 2020). Across a wide 
variety of species and biomes, hydraulic failure has been suggested as the predominant 
underlying cause of drought-induced mortality (Adams et al., 2017; McDowell, 2011). 
Although tree hydraulic architecture is largely genetically determined (Pritzkow et al. 2020, 
Challis et al. 2020), resource availability and environmental conditions can alter tree 
allometry and xylem traits (Diaconu et al. 2016, Deslauriers et al. 2017). Therefore, 
exposure to elevated [CO2] (eCO2) may also affect anatomical traits and determine the 
tree’s response to drought (Tognetti et al. 1999, Domec et al. 2017, Bartlett et al. 2019). 
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When facing drought, stomatal closure limits water losses (Choat et al. 2018). Although 
necessary to prevent a rapid decline of xylem water potential (Ψxylem), stomatal closure 
hampers CO2 uptake for photosynthesis and negatively affects the tree carbon balance 
(McDowell et al. 2008, Drake et al. 2017). Residual water losses through leaf (Kerstiens 
1996) and bark (Oren and Pataki 2001) further reduce tree water status (Choat et al. 2018, 
Körner 2019, Machado et al. 2020). When reaching the critical Ψxylem threshold for drought-
induced embolism formation, tension developed in xylem conduits may disrupt the 
continuous water column leaving an inactive air-filled conduit (Sperry 2000, Venturas et 
al. 2017). Propagation of embolism events throughout the xylem may cause systemic 
failure of the vascular system and ultimately tree death (Adams et al. 2017, Hammond et 
al. 2019). Different techniques have been developed to assess the relationship between 
loss of xylem hydraulic conductivity (kh) and Ψxylem, commonly referred to as the 
vulnerability curve and useful to obtain the P50 value, i.e. the Ψxylem corresponding with 
50 % loss of kh (Cochard et al. 2013, Nolf et al. 2015, De Baerdemaeker et al. 2019a, 
Sergent et al. 2020). Although seemingly easy to interpret, vulnerability curves contain no 
information on the rate of Ψxylem reduction and hence kh loss as drought proceeds (Meinzer 
et al. 2009). More complex approaches have therefore attempted to assess drought 
responses under natural conditions, often by integrating the role of stomatal regulation on 
xylem functioning (Li et al., 2019). Examples of these approaches are evaluation of the 
hydraulic safety margin, i.e. the difference between midday Ψxylem and hydraulic 
vulnerability thresholds (Meinzer et al. 2009, Delzon and Cochard 2014, Skelton et al. 
2015), or the hydroscape area, i.e. the Ψxylem range that stomata are still able to regulate 
leaf gas exchange (e.g. Johnson et al., 2018; Li et al., 2019; Meinzer et al., 2016). For 
long, the P50 value, as a proxy of xylem vulnerability for drought-induced embolism 
formation, has been considered a static parameter. A recent study on grapevine (Vitis 
vinifera) leaves, however, contradicted this assumption as P50 decreased from the early to 
the late season, suggestsing that xylem vulnerability to embolism is variable over time, as 
a likely result of seasonal changes in wood anatomical traits (Sorek et al. 2020). 
Capacitive release of internal water pools to fulfil the evaporative demand buffers Ψxylem 
reductions, and therefore delays (or possibly avoids) drought-induced embolism (Tyree 
and Ewers 1991, Meinzer et al. 2009, Choat et al. 2018). Desorption curves describe the 
relation between water content and Ψxylem, with the hydraulic capacitance being defined 
as the corresponding slope (Zweifel et al. 2001, Steppe et al. 2006, Steppe 2018). Since 
trees store water in different organs and tissues, desorption curves are commonly 
partitioned into different phases, each one characterized by its corresponding capacitance 




Capillary water pools, i.e. intercellular spaces or lumen of previous embolized conduits, 
largely deplete at relatively high Ψxylem (> -0.5 MPa) and are therefore expected to be 
physiologically irrelevant under drought (Tyree and Yang 1990, Tyree and Ewers 1991). 
Elastic water pools, i.e. living cells mostly located in the bark and in xylem parenchyma 
rays, deplete and refill on a daily basis contributing to the transpiration stream (e.g. Tyree 
and Yang 1990, Zweifel et al. 2000, 2001, Steppe et al. 2006, De Swaef et al. 2015). 
Finally, water can be released from inelastic pools, i.e. embolized conduits, which is 
inevitably accompanied by reduction in kh (Tyree and Yang 1990, Hölttä et al. 2009, 
Vergeynst et al. 2015).  
The daily contribution of elastic water to the transpiration stream can be approached with 
highly-resolved measurements of stem diameter variations (De Swaef et al. 2015, Steppe 
et al. 2015, Zweifel 2016). Sub-daily depletion and refilling of stem water pools result in 
sub-daily dynamics of radial stem shrinkage and swelling. The difference between the 
maximal pre-dawn stem diameter and the minimal diameter during high-transpiration 
hours, known as maximum daily stem shrinkage, has been commonly used as a proxy for 
tree water status (e.g. De Swaef et al. 2009, Ortuño et al. 2009, Puerto et al. 2013). 
However, daily shrinkage largely depends on the diurnal atmospheric evaporative demand 
and does not account for the cumulative water loss under extended drought periods (De 
Swaef et al. 2009), which progressively limits stem hydraulic capacitance (Salomón et al. 
2017a). To circumvent this issue, tree water deficit was introduced as a measure of stem 
water depletion (Zweifel 2016) and has proven to be a reliable indicator for water status in 
several tree species (Dietrich et al. 2018, Krejza et al. 2020). Briefly, tree water deficit is 
defined as the absolute stem shrinkage in relation to the previously registered diameter 
maximum (Zweifel 2016), hereby accounting for both seasonal stem dehydration and daily 
water release and refill (see Figure 5.1 from Zweifel (2016) for a visual illustration of this 
concept).  
Drought tolerance is determined by both wood anatomical traits (e.g. conduit diameter and 
pit membrane thickness) and physiological functioning (e.g. stomatal regulation and 
hydraulic capacitance) (Choat et al. 2018, McCulloh et al. 2019), which both can acclimate 
to changing environmental conditions, including [CO2] (Domec et al. 2017, Qaderi et al. 
2019). Exposure to eCO2 commonly results in photosynthetic stimulation and stomatal 
closure (Ainsworth and Rogers 2007), consequently increasing carbon availability (Norby 
et al. 2005) and altering hydraulic conductivity throughout tree organs (Hao et al. 2018b). 
Increased carbon availability may result in faster growth rates with development of wider 
conduits, favouring kh and thus hydraulic efficiency (e.g. Domec et al. 2010, Kostiainen et 
al. 2014, Kim et al. 2015). Enhanced carbon availability may also result in stimulated cell   




Figure 5.1 Determination of the irreversible growth-induced expansion (GRO, red lines) and the reversible and 
tree water deficit-induced shrinkage (TWD, blue lines) of the stem radius (SR, black lines). Time periods in 
which volumetric growth occurred and elastic water pools were depleted are indicated with the red and blue 
areas, respectively. Stem volumetric growth (i.e. cell division and elongation) is assumed to be zero during 
periods of stem shrinkage (Figure 1 from Zweifel (2016)).  
wall deposition, thereby densifying wood and favouring mechanical strength (Saxe et al. 
1998, Atwell et al. 2003, Domec et al. 2010, 2016). For long, it has been assumed that 
hydraulic efficiency is inversely linked with hydraulic vulnerability. The mechanism behind 
this assumption is that the chance of a failing pit triggering embolism propagation 
increases in larger conduits due to larger vessel surface area (e.g. Wheeler et al. 2005, 
Hacke et al. 2006, Christman et al. 2012). However, meta-analysis only detected a weak 
trade-off between hydraulic efficiency and vulnerability (Gleason et al. 2016). It is therefore 
expected that other xylem anatomical traits (e.g. conduit wall reinforcement and pit 
morphology) determine to a large extent xylem vulnerability to drought-induced embolism 
(Mrad et al. 2018, Janssen et al. 2020). Additional thickening of xylem cell walls under 
eCO2 is expected to improve hydraulic resistance, as enhanced mechanical strength and 




2016). During the early 1990s, Tyree and Alexander (1993) already called for much-
needed research on drought vulnerability under eCO2. Nevertheless, the effects of eCO2 
on hydraulic vulnerability remain largely unexplored. To the best of our knowledge, only 
seven eCO2 studies established vulnerability curves in tree species under eCO2 so far 
(Table 5.1). Results are inconclusive, as greater xylem vulnerability (Domec et al. 2010, 
Warren et al. 2011) and no response (Tognetti et al. 1999, Gartner et al. 2003, Domec et 
al. 2010, Vaz et al. 2012, Hao et al. 2018b, Newaz et al. 2018) have been reported under 
eCO2. 
To assess the effects of eCO2 on tree physiology under drought, we integrated 
measurements of leaf stomatal behaviour, stem shrinkage, vulnerability to embolism 
formation and stem water content along gradients of drought stress (Ψxylem) with wood 
anatomical traits. For this, young European aspen (Populus tremula L.) trees were grown 
in treatment chambers under ambient (aCO2) or elevated (eCO2) [CO2]. Drought was 
imposed early and late during the growing season to further assess seasonality in the 
hydraulic response to eCO2. In vivo drought responses were measured at leaf (stomatal 
conductance) and whole-tree (tree water deficit) scale. Xylem anatomical traits (including 
vessel diameter and tissue density), vulnerability to drought-induced vessel embolism 
formation and hydraulic capacitance were additionally determined. To this end, the bench 
dehydration method was used and simultaneous measurements of Ψxylem, embolism-
related acoustic emissions (Nolf et al. 2015, De Roo et al. 2016) and stem volumetric water 
content were carried out (Vergeynst et al. 2015a). We hypothesize that the effect of eCO2 
on xylem vulnerability is dependent on the timing of the drought event, with higher xylem 
vulnerability to embolism formation during the early season. This as a result of the 
stimulation of stem volumetric growth by CO2 fertilization leading to the development of 
large and thin-walled vessels which may offer limited resistance to run-away embolism. 
By contrast during the late season, stimulated cell wall deposition under eCO2 might 
enhance wood mechanical strength (Chapter 3) and counteract detrimental effects of rapid 
growth on hydraulic safety. Independent of the [CO2] treatment, we expect drought 
responses to be sequential, with limitation of leaf scale water loss followed by consecutive 
water release from elastic and inelastic tree water pools, the latter in concert with embolism 
propagation. 
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Table 5.1 Compilation of studies investigating the effect of elevated CO2 concentration (eCO2) on the xylem vulnerability of stems and branches in trees. The species under 
study, tree age or height, eCO2 experimental set-up, applied method, and the main effects of eCO2 are summarized.  
The eCO2 setup specifies whether free-air carbon dioxide enrichment (FACE) or treatment chambers (TC) were applied, and the CO2 concentration to which trees were subjected 
(ppm). Details on the applied methods are explained in 1Sperry and Tyree 1988b; 2Salleo et al. (1992) and Sperry and Saliendra (1994); 3Alder et al. 1997; 4Cochard et al. (1992). 
Species Tree age eCO2 set-up Method eCO2 effect on vulnerability Reference 
Five broadleaved  
tree species  3 - 9 m  
Natural eCO2 spring  
(500 - 1000) Hydraulic method
1 Vulnerability was not affected Tognetti et al. (1999) 
Quercus ilex L. 16 to 17-moths-old 
TC  
(750 – 700) Air-injection
2 Vulnerability was not affected  Gartner et al. (2003) 
Pinus taeda 13.7 - 19.6 m  
FACE  
(aCO2 + 200 ) 
Centrifugal force3 
Vulnerability increased in L. 
styraciflua and C. florida  
Vulnerability was not affected 
in P. taeda and U. alata 
Domec et al. (2010) 
Liquidambar styraciflua  
L. Cornus florida  
L. Ulmus alata 
4.1 - 7.8 m  
Liquidambar styraciflua  19-years-old FACE (525 – 555) Air-injection2 Vulnerability increased  Warren et al. (2011) 
Quercus suber  18-months-old TC (700) Hydraulic method
1 Vulnerability was not affected  Vaz et al. (2012) 
Six broadleaved trees 1-year-old TC (600) Centrifugal force3 Vulnerability was not affected  Hao et al. (2018b) 




Material and methods 
Plant material and experimental set-up 
During two consecutive years (DOY 79 2018 and DOY 78 2019), one-year-old European 
aspen (Populus tremula L.) trees were planted in 30 L pots filled with potting soil and fertilizer 
(Osmocote Exact Standard 8-9M, ICL, Ipswich, UK). Young trees were randomly distributed 
between treatment chambers, where relative humidity (RH) and photosynthetically active 
radiation (PAR) were continuously monitored, while temperature (T) and atmospheric [CO2]  
were regulated (for detailed overview of the set-up see Chapter 1). Target atmospheric [CO2] 
inside the treatment chambers was 400 ppm (hereafter ambient CO2, aCO2) and 700 ppm 
(hereafter elevated CO2, eCO2). Young trees were watered with an automated irrigation 
system at predawn (between 5:00 h and 6:00 h). The amount of water provided was adjusted 
for each pot and throughout the season following point measurements of soil water content 
(ML3 ThetaKit, Delta-T Devices, Burnwell, UK). For the in vivo drought measurements (see 
below), trees inside each chamber were randomly assigned to a well-watered (control) or a 
drought stress group. This 2×2 factorial experimental design resulted in four treatment groups 
(n = 5 per treatment group): well-watered trees under aCO2 (aW) and eCO2 (eW) and drought 
stressed trees under aCO2 (aD) and eCO2 (eD). During the 2018 growing season, trees were 
first subjected to moderate drought by reducing irrigation to 50 % of the well-watered trees 
(DOY 222, 10 August). One week later, irrigation was completely ceased (DOY 229, 17 
August). During the 2019 growing season, irrigation was ceased completely on DOY 183 (2 
July). Onset of the drought events was hence imposed early (hereafter “early season 
experiment” or ESE) and late (hereafter “late season experiment” or LSE) during the growing 
season to study potential seasonality in the tree hydraulic response to eCO2. 
Vulnerability and desorption curves 
For the construction of vulnerability (VC) and desorption (DC) curves, four well-watered trees 
per [CO2] treatment were transported to the lab (DOYs 183 and 240 for ESE and LSE, 
respectively) in their pots. Before cutting, stems were divided into two equal halves. 
Approximately forty leaves on branches of the upper stem part were loosely covered with 
aluminium foil to ensure hydraulic equilibrium with the stem (Begg and Turner 1970). 
Remaining leaves were cut at the petiole scale and wounds were covered with petroleum jelly. 
Likewise, all leaves on branches of the lower stem part were removed and wounds were 
covered with petroleum jelly to ensure similar dehydration rates between stem halves. Next, 
stems were cut just above the pot soil level after root soil removal and at mid-height separating 
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the two stem halves. To avoid air-entry artefacts, cuts were executed under water followed by 
two additional recuts of 3 cm (Cochard et al. 2013, Wheeler et al. 2013). Cut ends were 
covered with wet paper towels during sensor installation (see below) to avoid water loss prior 
to bench dehydration. To further avoid air-entry artefacts, sample preparation was performed 
in the dark with low intensity green operating light (PAR = 0 µmol m-2 s-1) to limit transpiration.  
To construct VCs, embolism formation was measured using a broadband point contact 
acoustic emission (AE) sensor (KRNBB-PC, KRN Services, Richland, WA, USA) in the upper 
stem halves. A rectangular section of the bark (1.5 × 0.5 cm2) was removed to establish better 
acoustic coupling with AEs originating from xylem embolisms. A droplet of vacuum grease 
(High-Vacuum Grease, Dow Corning, Seneffe, Belgium) was applied between the sensor tip 
and the xylem. The AE sensor was mounted and pressed against the xylem using a custom-
made PVC tubular frame and a compression spring (D22050, Tevema, Amsterdam, The 
Netherlands). The pencil lead break test was performed to ensure good contact between the 
AE sensor and the xylem (Tyree and Sperry 1989, Sause 2011, Vergeynst et al. 2015b). 
Acoustic signals were amplified by 35.6 dB (AMP-1BB-J, KRN Services, Richland, WA, USA), 
waveforms of 7168 samples length were acquired at 10 MHz sample rate and signals were 
collected using two 2-channel PCI boards and redirected to the AEwin software (PCI-2, 
AEWIN E4.70; Mistras Group BV, Schiedam, the Netherlands). Acoustic emission signals with 
amplitude below 34 dB were discarded (20 –1000 kHz electronic band pass filter) to remove 
noise unrelated to vessel embolism events (Beall 2002, Steppe et al. 2009, Vergeynst et al. 
2016).  
To obtain continuous Ψxylem data, the linear relationship between discrete Ψxylem 
measurements and relative xylem shrinkage was established for the upper halves of each 
stem (with average R2 = 0.87 ± 0.01 (ESE) and R2 = 0.79 ± 0.04 (LSE)). Measurements of 
Ψxylem were performed on wrapped leaves using a pressure chamber (Model 600, PMS 
Instrument Company, Corvallis, OR, USA). Frequency of Ψxylem measurements varied from 
once to twice per hour depending on the rate of AE signal registration. When leaves for Ψxylem 
measurements were cut from the stem, registration of AE signals was put on hold to avoid 
acoustic noise. In addition, absolute xylem diameter shrinkage (∆Dxylem) was continuously 
measured in the upper stem halves using a dendrometer (DD-S, Ecomatik, Dachau, Germany) 
pressed against the xylem and located approximately 7 cm apart from the AE sensor. For this, 
a rectangular section of the bark (1.5 × 0.5 cm2) was removed and petroleum jelly was applied 
to prevent local water loss (Vergeynst et al. 2015a). Relative xylem shrinkage was estimated 




To construct DCs, lower stem halves were placed on a weighing scale (0.01 g accuracy; DK 
6200, Henk Maas, Veen, The Netherlands) for continuous measurements of fresh mass during 
dehydration. Stem mass was monitored, from initial stem mass (Mi) at onset of dehydration to 
final stem mass (Mf) when complete vessel embolization was detected in the upper 
counterparts (approximately after 24 and 48 h of bench dehydration during the ESE and LSE, 
respectively). Fresh stem mass (Mfresh) and volume (V) was also measured on a 3-cm-length 
wood sample collected before and after bench dehydration. Wood samples were then oven 
dried (80 °C) until constant mass (Mdry) to estimate fresh volumetric water content (VWC = 
(Mfresh – Mdry)/V) and stem wood density (ρstem = Mdry/V). Continuous VWC data were obtained 
by rescaling weighing scale measurements from initial (VWCi) to final (VWCf) VWC during the 
course of the bench dehydration experiment (Vergeynst et al. 2015a). Similar dehydration 
rates were assumed between upper and lower parts, so that continuous Ψxylem data obtained 
to construct VCs was used likewise to construct DCs. 
Xylem anatomical traits 
After bench dehydration an additional set of wood samples of 3-cm-length (four per [CO2] 
treatment for both ESE and LSE) were cut from the stem segments used to construct VCs 
and stored in an ethanol/glycerol/water (70/20/10 %vol) solution until analysis of wood 
anatomical traits. Wood samples were transversely cut into 35-µm-thick sections using a 
sledge microtome (Jung Hn-40, JUNG, Germany). Samples were stained using a standard 
colouring mix (0.5 % w/v astra blue, 0.5 % w/v chrysoidin and 0.5 % w/v acridine red) for 5 
minutes, dehydrated in 2-propanol and mounted in  (Carl Roth, Germany). Slides were 
observed and imaged using a Nikon Ni-U light microscope (Nikon Instruments) equipped with 
a Nikon DS-Fi3 digital camera.  
Wood anatomical images were processed using the image-processing software FIJI 
(www.fiji.sc; ImageJ) with implementation of the Biovoxxel toolbox. For each stem section, 
xylem area (Axylem, i.e., cross-section area without bark and pit) was selected for analysis of 
anatomical traits related with hydraulic efficiency and spatial vessel arrangement. Note that 
Axylem integrated two growth rings, with the second one being formed under experimental 
conditions. Given the limited contribution of the first growth ring to Axylem (Figure 5.2a), both 
growth rings were analysed as a whole for comparison with the VCs and DCs. Extended 
particle analysis was applied to select vessels within the 200 – 1500 µm2 range (Cai and Tyree 
2010, Johnson et al. 2018) and lumen area was individually estimated per vessel. Individual 
vessel diameter (dv) was approximated assuming a circular vessel lumen area, and distributed 
into four 10 µm classes. Total number of vessels per cross-section (Nv_all) and per vessel size 
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class (Nv_class) was determined, and individual vessel lumen area was integrated to estimate 
total vessel conducting area (Av_all). As a measure of mechanical strength and in addition to 
ρstem, the non-lumen area fraction (Fnv) was determined as the inverse of the lumen fraction 
(Fnv = (Axylem – Av_all)/Axylem). Vessel grouping index (vg), defined as the ratio of total number of 
vessels and the sum of solitary vessels and vessels clusters (Scholz et al. 2013), was 
determined with the imaging software using Neighbor Analysis. Vessels were considered of 
the same cluster applying a distance threshold of 10 µm. The average hydraulic weighted 
vessel diameter (dh) was calculated (Scholz et al. 2013) for the entire xylem area (dh_all) and 
for each vessel diameter class (dh_class) following: 
dh= "1n  ∑ dv, i
4n
i=1
$         Equation 5.1 
For calculation of dh_all, n equalled to the total number of vessels (Nv_all) and dv to their 
corresponding diameter. For calculation of dh_class, n was equal to the number of vessels within 
a single vessel size class (Nv_class) with corresponding diameter dv. Theoretical hydraulic 
conductivity of the whole cross-section (kh_all) and of each vessel size class (kh_class) was 
calculated as the proportionally constant derived from the Hagen-Poiseuille law (Equation 5.2) 




4         Equation 5.2 
With the ρ water density (998.2 kg m-3) and η the water viscosity (1.002 10-9 MPa s), both at 
20 °C. For calculation of kh_all, vessel density (VD) was calculated as the ratio of Nv_all and 
Axylem and dh equalled to dh_all. For class-specific kh_class, VD was calculated as the ratio of 
Nv_class and Axylem and dh equalled to dh_class. 
Drought stress responses in vivo 
The effects of the drought event under aCO2 and eCO2 were assessed on ten trees per [CO2] 
treatment (i.e. five per irrigation group). Discrete leaf measurements (Ψxylem and stomatal 
conductance (gs)) were conducted around midday (11:00 h – 15:00 h) once (ESE) or 2-3 times 
(LSE) per week on fully developed leaves located in the mid-canopy. A pressure chamber 
(Model 600, PMS Instrument Company, Corvallis, OR, USA) was used to measure Ψxylem in 
leaves loosely covered with aluminium foil at least one hour prior to the measurement to allow 
hydraulic equilibrium (Begg and Turner 1970). Stomatal conductance of the same trees was 




USA) set at chamber [CO2] (400 or 700 ppm), prevailing T and light saturated PAR 
(1500 μmol m-2 s-1). Measurements were registered after stabilization of the CO2 exchange 
rates. 
Depletion of stem elastic water pools was assessed in the same ten trees selected for discrete 
measurements by monitoring stem diameter variations (∆D). A linear variable displacement 
transducer (LVDT, model DF5.0, Solartron Metrology, Leicester, UK) was installed on the 
stem at an approximate height of 30 cm above pot soil level. Tree water deficit (TWD) was 
calculated in drought stressed trees by applying the “zero growth concept” (Zweifel et al. 
2016); i.e. stem growth was assumed zero during periods of stem shrinkage. Midday TWD 
was estimated on a daily basis as the difference between the last maximum stem diameter 
and the daily minimal stem diameter measured around midday (i.e. TWD4 as defined in 
Dietrich et al. 2018). Measurements ceased when Ψxylem could no longer be measured in 
drought stressed trees (DOYs 209 and 253 for ESE and LSE, respectively).  
Data analyses 
Continuous ∆D and mass data from the bench dehydration experiment were registered every 
minute using custom-built acquisition board. Continuous microclimate and ∆D data from the 
in vivo drought experiment were registered every minute and averaged over five minutes using 
a data logger (CR1000, Campbell Scientific, Logan, UT, USA). Continuous data from both 
approaches was collected and visualized using the PhytoSense software (Phyto-IT, Gent, 
Belgium). All data and statistical analyses were performed using R software (R Core Team, 
2018). 
For the construction of the acoustic VC (VCAE), AE activity was determined as the first 
derivative of the cumulative number of AE signals. The end-point of the VCAE (Ψxylem 
corresponding to 100 % of embolized vessels) was determined as the point of strongest 
decrease in AE activity following highest AE activity. Mathematically, this end-point 
corresponds with the maximum of the third derivative of the cumulative AE curve (Vergeynst 
et al. 2016). To approximate relative kh loss, absolute cumulative AE values were rescaled 
between zero and the end-point. Water potentials corresponding with onset of embolism 
formation (Ψxylem at 12 % of the embolism related AE signals; AE12), 50 % of the embolism AE 
signals (AE50) and almost complete hydraulic failure (Ψxylem at 88 % of the embolism related 
AE signals; AE88) were calculated. For the DCs, continuous VWC was regressed against Ψxylem 
and two different phases of the desorption curve were determined by segmented linear 
regression (segmented package). Elastic (Cel) and inelastic (Cinel) capacitance were 
determined as the corresponding slopes of the linear segments.  
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To describe the relative change in gs and TWD with Ψxylem during the in vivo drought 
experiment, a sigmoidal fit (Equation 5.3) was applied: 
y = 1
1+	expa(Ψ+i)           Equation 5.3 
where y is the relative variation in gs or TWD, a defines the steepness of the curve and i is the 
inflection point. Loss in gs was defined relative to the average gs across well-watered trees 
during the same day and within the same [CO2] treatment. Increase in TWD was defined 
relative to the individual-specific maximal TWD (TWD registered on the last day of Ψxylem 
measurement). Thresholds of Ψxylem corresponding with 12, 50 and 88 % of gs reduction (gs_12, 
gs_50 and gs_88) or TWD increase (TWD12, TWD50 and TWD88) were calculated.  
To evaluate the effect of eCO2 on tree hydraulic functioning, parametric and non-parametric 
tests (depending on data normality) were applied on wood anatomical traits (dv, dh_all, VD, kh_all, 
vg, Fnv and ρstem) and thresholds of embolism-related acoustic emissions (AE12, AE50 and 
AE88), hydraulic capacitances (Cel and Cinel), stomatal conductance (gs_12, gs_50 and gs_88) and 
tree water deficit (TWD12, TWD50 and TWD88) during ESE and LSE. Differences in relative 
vessel size class abundancy (Nrel) and contribution to the overall kh (kh_rel) were determined 
using a non-parametric Kruskal-Wallis test followed by post-hoc multiple comparison 
(Wilcoxon) among vessel size classes for each [CO2] treatment. Timing of xylem embolism 
formation (bench dehydration), stomatal closure and stem dehydration (in vivo) with declining 
tree water status were compared using a linear mixed effect model (nlme package), including 
data point correlation due to the repeated measurement design of the experiment and with 
plant response type (gs, TWD and AE) as fixed effect and tree as a random factor.  Post-hoc 
Tukey tests were applied for multiple comparison (multcomp package) among plant response 
types. Since inter-annual differences in trees and microclimate conditions could bias 
comparison between seasonal experiments, we intentionally focus on treatment comparisons 
within a single growing season, while avoiding seasonal comparisons for a given treatment. 
Strong (P < 0.05) and moderate (P < 0.10) statistical differences are reported for those tests 
with small sample size (n = 3 - 5) and statistical power to detect significant differences. 





Wood anatomical characteristics 
Examples of transverse stem sections of Populus tremula L. trees grown under different [CO2] 
treatments and harvested during different seasonal experiments are shown in Figure 5.1a. 
Average vessel diameter (dv) was larger under eCO2 during ESE, while the opposite was found 
during LSE (P < 0.0001; Table 5.2). However, changes in dv under eCO2 did not substantially 
affect vessel efficiency since no differences in overall hydraulic vessel diameter (dh_all), vessel 
conductivity (kh_all) or vessel grouping index (vg) were detected (P > 0.1). Also wood anatomical 
traits related to mechanical strength, i.e. vessel density (VD), non-vessel fraction (Fnv), and 
stem wood density (rstem), were not significantly affected by the [CO2] treatment (P > 0.1; 
Table 5.2). The [CO2] treatment had a limited impact on the relative frequency of vessel 
diameters (Figure 5.1b, upper panels), as a moderate decrease in relative vessel abundancy 
was only observed for narrow vessels within the 20 - 30 µm class under eCO2 during ESE (P 
< 0.1). Vessels with diameters within the 20 - 40 µm were more frequent during ESE (P < 
0.05), and the 30 - 40 µm size category contributed to the greatest extent to overall kh 
(Figure 5.1b, lower panels). The relative contribution of each vessel size class to kh (kh_class) 
was not affected by eCO2 (P > 0.1). 
Table 5.2 Mean value and standard error of the wood anatomical characteristics measured during the early (ESE- 
2019) and late (LSE- 2018) season experiment under different [CO2] treatments (aCO2 and eCO2 for ambient and 
elevated [CO2] treatment, respectively).  
With dv the average vessel diameter, dh_all the hydraulic vessel diameter, VD the vessel density, kh_all the vessel 
hydraulic conductivity, vg the vessel grouping index, Fnv the non-vessel fraction and rstem the stem wood density. 
Differences between aCO2 and eCO2 are indicated (parametric t.test, * P < 0.05). 
  ESE (2019) LSE (2018) 
  aCO2 eCO2  aCO2 eCO2  
dv µm 28.16 ±  0.04   29.55 ± 0.05 * 26.44 ± 0.04 25.64 ± 0.05 * 
dh_all µm 30.40 ± 0.62  31.98 ± 0.73   27.35 ± 1.23  25.88 ± 2.05   
VD mm-2 206.3 ± 26.2 157.6 ± 14.3  266.4 ± 28.5 229.0 ± 19.0  
kh_all kg m-1 MPa-1 s-1 4.26 ± 0.41  4.00 ± 0.29   3.88 ± 0.95  2.72 ± 0.78   
vg - 1.38 ± 0.03  1.45 ± 0.09   1.52 ± 0.11  1.34 ± 0.05   
Fnv - 0.86 ± 0.01 0.89 ± 0.01  0.85 ± 0.02 0.89 ± 0.02   
rstem kg m-3 






































Figure 5.2 (a) Transverse stem sections of studied Populus tremula L. trees and (b) relative (bar plot) and 
cumulative (line plot) abundancy of vessels classified by four size classes (Nv_class, upper panels) and their 
contribution to overall hydraulic conductance (kh_class, lower panels) during the early (ESE - 2019) and the late (LSE 
- 2018) season experiment. 
Trees were subjected to different levels of atmospheric [CO2] (ambient (aCO2) and elevated (eCO2)). In (a), scale 
bars correspond to 1 mm. Lignified and non-lignified cell walls are coloured red and blue, respectively, with 
distinction of cambium (Ca), periderm (Pe), phloem (Ph), pith (Pi) and xylem (Xy) from the 1st year (Y1) and the 2nd 
year (Y2). In (b), letters indicate differences in Nv_class and kh_class contributions for a given [CO2] treatment and 
seasonal experiment (Wilcoxon test, P < 0.05). Moderate differences between aCO2 and eCO2 within each 






Stem vulnerability and desorption curves 
Acoustic vulnerability curves (VCAE; Figure 5.3, upper panels) and corresponding thresholds 
(AE12, AE50 and AE88; Table 5.3) indicate that eCO2 resulted in an earlier AE88 during ESE 
(P < 0.05). Although this trend of increased xylem vulnerability under eCO2 during ESE 
seemingly held for AE12 and AE50, differences between [CO2] treatments were not statistically 
significant (P = 0.14 and 0.12 for AE12 and AE50, respectively). During LSE, VCAE and 
corresponding thresholds were not affected by the [CO2] treatment (P > 0.1). Accordingly, 
desorption curves (DC; Figure 5.3, lower panels) were only altered under eCO2 during ESE. 
Although elastic capacitance (Cel) did not differ between [CO2] treatments (P > 0.1; Table 5.3), 
Cinel was larger under eCO2 (P < 0.05) indicating greater capacitive water release from 
embolized vessels. During LSE, the [CO2] treatment did not affect Cel or Cinel (P > 0.1).  
Table 5.3 Mean value and standard error of the hydraulic vulnerability thresholds and capacitances measured 
during the early (ESE - 2019) and late (LSE - 2018) season experiment under different [CO2] treatments (aCO2 
and eCO2 for ambient and elevated [CO2] treatment, respectively).  
Hydraulic vulnerability is defined by the threshold water potentials corresponding with 12 % (AE12), 50 % (AE50) 
and 88 % (AE88) of the embolism related acoustic emission (AE) signals. Hydraulic capacitance is characterized 
by capacitance of the elastic (Cel) and inelastic (Cinel) water pools. Differences between aCO2 and eCO2 are 
indicated (parametric t.test, • P < 0.1, * P < 0.05). 
  ESE - 2019 LSE - 2018 
  aCO2 eCO2  aCO2 eCO2  
Vulnerability curves       
AE12 MPa -2.60 ± 0.13 -1.99 ± 0.31  -1.97 ± 0.25 -1.86 ± 0.11  
AE50 MPa -3.02 ± 0.14 -2.47 ± 0.25  -2.50 ± 0.22 -2.28 ± 0.03  
AE88 MPa -3.39 ± 0.08 -2.86 ± 0.12 * -2.70 ± 0.21 -2.54 ± 0.02  
Desorption curves       
Cel kg m-3 MPa-1 206.1 ± 71.4 147.1 ± 32.6  119.4 ± 25.0 265.2 ± 148.7  
Cinel kg m-3 MPa-1 136.1 ± 22.0 341.4 ± 43.5 * 175.9 ± 24.4 279.6 ± 66.3  
 




Figure 5.3  Acoustic vulnerability curves (VCAE, upper panels) and desorption curves (DC, lower panels) during the 
early (ESE - 2019) and the late (LSE - 2018) season bench dehydration experiments. 
Trees were subjected to different levels of atmospheric [CO2] (ambient (aCO2) and elevated (eCO2)). Xylem water 
potential (Ψxylem) at which 12, 50 and 88 % of the embolism-related acoustic emission occur (AE12 (), AE50 (p), 
AE88 (∎), respectively) are shown (upper panels). Blue and red lines on the DCs display the Ψxylem range of elastic 
and inelastic water release, respectively. Corresponding hydraulic capacitances (elastic and inelastic) are 
calculated as the slope of the linear relationship between volumetric water content (VWC) and Ψxylem. 
Microclimate and effectiveness of the in vivo drought stress treatments 
Averages of microclimatic variables during daytime (PAR > 5 µmol m-2 s-1) and along the 
duration of the in vivo seasonal drought treatments are shown in Figure S5.1. Chamber [CO2] 
was 448.16 ± 5.00 ppm (aCO2) and 698.86 ± 13.48 ppm (eCO2) during ESE, and 
440.41 ± 8.67 ppm (aCO2) and 694.29 ± 10.75 ppm (eCO2) during LSE. Daytime PAR and T 
did not differ between [CO2] treatment chambers and averaged 568.76 ± 24.20 µmol m-2 s-1 
and 27.08 ± 0.54 °C during ESE, and 463.12 ± 16.65 µmol m-2 s-1 and 24.10 ± 2.65 °C during 
LSE. Chamber VPD did not differ between chambers during ESE (P > 0.1; 1.34 ± 0.06 kPa), 
but was reduced under eCO2 during LSE (P < 0.0001; 1.44 ± 0.07 kPa and 1.05 ± 0.08 kPa 
under aCO2 and eCO2, respectively), presumably as a result of enhanced transpiration related 
to stimulated leaf area development under eCO2 (Chapter 4). Variability in midday Ψxylem over 




-0.67 ± 0.04 MPa and -0.98 ± 0.02 MPa during ESE and LSE, respectively. Drought stress 
reduced Ψxylem over time under both aCO2 and eCO2. The [CO2] treatment did not affect Ψxylem 
under well-watered or drought conditions (P > 0.1). 
Stomatal conductance and tree water deficit responses to in vivo drought stress  
Drought stress reduced gs under both aCO2 and eCO2 and during both seasonal experiments 
(P < 0.001; Figure 5.4, left-hand side panels). The sigmoidal fits between relative gs loss and 
Ψxylem are shown in Figure 5.4 (right-hand side panels) with corresponding parameters in 
Table 5.4. During ESE, eCO2 slightly flattened the slope of the gs curve (P < 0.1), but did not 
affect its inflection point (P > 0.1), denoting a moderately earlier onset of stomatal closure 
followed by a more gradual drought-induced gs reduction. In contrast and during LSE, eCO2 
did not affect the slope of the gs curve (P > 0.1) but the inflection point was shifted to more 
negative Ψxylem (P < 0.05), denoting a delayed stomatal closure. 
 
 
Figure 5.4  Stomatal conductance (gs) over time (left-hand side panels) and relative gs loss with decreasing xylem 
water potential (ΨXylem) (right-hand side panels) during the early (ESE - 2019) and late (LSE - 2018) season in vivo 
drought experiment. 
Trees were subjected to combined treatments of atmospheric [CO2] (ambient (a) and elevated (e)) and drought 
stress (well-watered (W) and drought stressed (D)). Thin red lines show the sigmoidal relation between relative gs 
loss and Ψxylem for individual seedlings. Dashed and solid lines illustrate aCO2 and eCO2, respectively. Bold lines 
and shaded areas indicate model fit applying average ± SE parameter for aCO2 and eCO2 (n = 4 and 5 for ESE 
and LSE, respectively). With DOY day of year. 




Figure 5.5  Stem diameter (D) over time (left-hand side panels) and relative increase of tree water deficit (TWD) 
with decreasing xylem water potential (Ψxylem) (right-hand side panels) during the early (ESE - 2019) and the late 
(LSE - 2018) season in vivo drought experiment.  
Trees were subjected to combined treatments of atmospheric CO2 (ambient (a) and elevated (e)) and drought 
stress (well-watered (W) and drought stressed (D)). Discrete Ψxylem measurements were linearly regressed over 
time to match temporal resolution (on a daily basis) of TWD and Ψxylem (average R2 = 0.71 ± 0.04). Error bars 
indicate the standard error on the mean stem diameter size per [CO2] treatment at the onset of the drought 
treatment. Black lines show the preceding maximum stem diameter of the drought stressed trees as reference to 
estimate TWD. Thin red lines show sigmoidal relation between TWD and Ψxylem for individual trees. Dashed and 
solid lines illustrate aCO2 and eCO2, respectively. Bold lines and shaded areas indicate model fit applying average 
± SE parameter values for aCO2 (n = 3 for ESE and LSE) and eCO2 (n = 4 and 5 for ESE and LSE, respectively). 
With DOY day of year. 
Stem diameter at onset of drought did not significantly differ between [CO2] treatments during 
ESE (P > 0.1), and was larger under eCO2 during LSE (P < 0.05, Figure 5.5, left-hand side 
panels). Throughout both surveyed seasonal periods and for both [CO2] treatments, well-
watered trees kept growing until the end of the experiment while drought-stressed trees start 
to shrink 6.5 ± 1.2 and 16.1 ± 1.9 days after onset of the drought event for ESE and LSE, 
respectively. The sigmoidal fits between tree water deficit (TWD) and Ψxylem (Figure 5.5, right-
hand side panels) were not affected by the [CO2] treatment during any of the seasonal 





Table 5.4 Average value and standard error of the parameters (a and i) of the sigmoidal curve adjusted to define 
the relative change in stomatal conductance (gs) and tree water deficit (TWD) with decreasing xylem water potential 
(Ψxylem) during the early (ESE - 2019) and late (LSE - 2018) season experiments under different [CO2] treatments 
(aCO2 and eCO2 for the ambient and elevated CO2 treatment, respectively).  
Goodness of fit (GF) is calculated as the mean (±SE) correlation between the measured and predicted values of 
the tree specific sigmoidal curves. Differences between aCO2 and eCO2 are indicated (linear model, • P < 0.1, * P 
< 0.05). 
  Rate (a, MPa-1) Inflection point (i, MPa) GF 
  aCO2 eCO2  aCO2 eCO2  aCO2 eCO2 
gs 











LSE 2.90 ±  0.32 











ESE 2.89 ±  1.05 
2.55 ± 





















Comparison of hydraulic thresholds  
Figure 5.6 shows the sequential pattern of the tree dehydration processes (top panels) and 
comparison of corresponding threshold values among surveyed variables (gs, TWD and AE) 
and between [CO2] treatments (lower panels). At relatively high Ψxylem (> -1.5 MPa), and during 
both ESE and LSE, the first response to drought was the reduction of leaf scale water loss by 
stomatal closure (gs_12), followed by depletion of stem elastic water pools (TWD12) and, later 
start of embolism formation (AE12). Initial depletion of inelastic water pools denoted by the 
onset of embolism formation was thus preceded by decreased leaf-scale water loss (P < 0.01) 
and depletion of elastic water storage pools (P < 0.01). With decreasing Ψxylem (from -1.5 MPa 
to -2.5 MPa), differences (P < 0.05) between TWD50 and AE50 disappeared. Nonetheless 
during ESE, TWD50 was still moderately less negative than AE50 (P < 0.1), while during LSE 
no differences were measured (P > 0.1). This denotes only slight (ESE) or even no (LSE) 
differences in Ψxylem were measured when elastic and inelastic stem water pools were half 
depleted. When approximating full hydraulic failure (approximately -3.0 MPa), TWD88 and AE88 
did not differ during ESE or LSE (P > 0.1), suggesting simultaneous full depletion of elastic 
and inelastic water pools ,when hydraulic conductivity was mostly lost. Remarkably, AE12 did 
not significantly differ from gs_88 (under both [CO2] treatments and during both seasonal 
experiments; P > 0.1), indicating that drought-induced stomatal closure was almost complete 
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when drought-induced embolism started. Regarding [CO2] treatment differences, and in 
addition to the earlier (less negative) AE88 under eCO2 observed during ESE (Table 5.2), the 
[CO2] treatment also altered some of the TWD and gs thresholds. During ESE, gs_12 was 
moderately shifted to the left (less negative Ψxylem) under eCO2 (P < 0.1). Contrastingly, during 
LSE, gs_12, TWD12 (both P < 0.1) and gs_50 (P < 0.05) were shifted to the right (more negative 
Ψxylem) under eCO2.  
 
 
Figure 5.6  Relative variation of the stomatal conductance (gs), tree water deficit (TWD) and embolism-related 
acoustic emissions (AE) with decreasing xylem water potential (Ψxylem) during the early (ESE - 2019) and the late 
(LSE - 2018) season drought experiment (upper panels) and pairwise comparison of their corresponding hydraulic 
thresholds (lower panels).  
Trees were subjected to different levels of atmospheric [CO2] (aCO2 and eCO2 for ambient and elevated [CO2], 
respectively). Lines and shades areas show model fit applying average ± SE parameter values under aCO2 
(dashed lines) and eCO2 (solid lines). Boxplots show hydraulic thresholds corresponding with 12, 50 and 88 % loss 
of each of the variables for aCO2 (light coloured) and eCO2 (dark coloured). Letters indicate difference between 
variables (linear mixed effect model, P < 0.05, pooling aCO2 and eCO2 data). Differences between [CO2] treatments 





Effects of eCO2 on wood anatomy and hydraulic vulnerability 
Exposure to eCO2 commonly stimulates leaf photosynthesis and increases carbon availability 
(Ainsworth et al. 2007), which in young and fast growing trees often leads to an initial increase 
of growth rates (Pritchard et al. 1999). At the wood anatomical scale, rapid stem growth is 
often positively related to wider vessels to meet tree water needs for transpiration and 
negatively related to wood density to maximize volumetric growth for a given carbon cost (e.g. 
Poorter et al. 2010, Martínez-Cabrera et al. 2011). Accordingly, recent reviews confirm an 
overall increase in conduit diameter and xylem conductivity in woody species exposed to eCO2 
to improve hydraulic efficiency (Domec et al. 2017, Qaderi et al. 2019). Here, in the young 
European aspen trees under study, eCO2-induced stimulation of An and radial stem growth 
were observed during the early season (Chapter 3), which may partly explain the overall wider 
vessel diameter under eCO2 at this time. However, despite the increase of average vessel 
diameter, vessel hydraulic diameter and conductivity as proxies of hydraulic efficiency were 
not affected by the [CO2] treatment during ESE. In concert with the effect of eCO2 on vessel 
width during the early season, (i) vulnerability curves apparently shifted towards less negative 
Ψxylem, with significant differences being found for AE88 values and (ii) inelastic capacitive water 
release from embolized vessels also increased under eCO2 during ESE. Taken together, 
these comparisons suggest eCO2 increased hydraulic vulnerability while hydraulic 
conductivity remained relatively unaltered. Such observation might be partly explained by 
wood features not surveyed here. Pit membrane thickness has been suggested to be a key 
trait to prevent rapid spread of air throughout the xylem (Li et al. 2016, Venturas et al. 2017, 
Kaack et al. 2021), hence determining xylem resistance to drought-induced embolism. Taking 
into account the direct relationship between wood density and pit membrane thickness 
(Jansen et al. 2009), we speculate that greater hydraulic vulnerability under eCO2 during ESE 
could also be related to the non-significant reduction in wood density, and potentially thinner 
pit membranes.  
During the late season treatment differences in vessel diameter were reversed, as vessels 
were overall wider under aCO2 than eCO2. Two factors might explain this unexpected and 
opposite effect of eCO2 on vessel width during LSE. First, after cell division and enlargement 
during the early season, cell wall deposition and thickening occurs during late phenological 
phases of wood formation (Cuny et al. 2015). During this period, increased carbon availability 
under eCO2 might therefore result in enhanced secondary cell wall thickening and lignification 
(e.g. Domec et al. 2010, 2016) at the expense of reduced vessel lumen, as hinted here by 
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non-significant increases in the non-vessel fraction and wood density under eCO2 during LSE. 
Secondly, stimulated development of late-wood vessels under eCO2 may also contribute to a 
reduction of the average vessel diameter, as suggested here by the relative vessel abundance 
by size classes (Figure 5.2). In any case, any potential alteration in wood traits during LSE did 
not affect xylem vulnerability to drought-induced embolism according to similar vulnerability 
curves and inelastic capacitance for both [CO2] treatments. Our results therefore highlight that 
wood phenology should be considered when studying possible alterations in wood traits and 
their relationship with hydraulic vulnerability, which merits further effort to better predict plant 
hydraulic functioning in future climates. 
Regardless of the effect of eCO2 on xylem vulnerability, 50 % of embolism-related acoustic 
emissions (AE50) occurred at -2.74 ± 0.17 MPa and -2.39 ± 0.11 MPa during ESE and LSE, 
respectively. Drought vulnerability to embolism formation in the young trees under study was 
therefore at the lower end of reported P50 values across Populus spp. (from -1.1 to -3.0 MPa; 
(Fichot et al. 2015, Guet et al. 2015, Pivovaroff et al. 2016, De Baerdemaeker et al. 2017, 
Venturas et al. 2019, Zhang et al. 2020). Large variability in P50 among studies can be 
explained by differences in hydraulic vulnerability across plant organs (Choat et al. 2005) and 
differences between measurement techniques. For instance, in branches of Populus 
trichocarpa trees, P50 values spanned a 2 MPa range among four widely used approaches, 
namely the optical method, the hydraulic method, the centrifuge method and X-ray-computed 
microtomography (microCT) (Venturas et al. 2019), the latter providing P50 values similar to 
those obtained via the acoustic method (De Baerdemaeker et al. 2019b). Differences between 
measurement techniques are often attributed to measurement artefacts. Nonetheless, they 
may also result from differences in the way kh losses are quantified. For example, the optical 
and acoustic method focus on the number of embolism events, which is not necessarily 
proportional with the loss of kh as this is dependent on the size of the embolized conduit 
according to Equation 5.2. Comparison of P50 values determined using different measurement 
techniques, however, could provide valuable information on plant hydraulic characteristics 
(Venturas et al. 2019). 
Stomatal regulation and tree water deficit under drought and elevated CO2 
Hydraulic thresholds are widely used for assessment and comparison of plant performance 
under drought stress. The “gold standard” for comparison (i.e. the P50 value) informs about 
xylem vulnerability for embolism formation (Meinzer et al. 2009, Li et al. 2019a). However, this 
approach narrows our perspective of plant behaviour under water limiting conditions, as any 
other functional strategy to limit or delay increases in xylem tension remains ignored (Epila et 




closure. Residual water loss through the leaf cuticle or through the stem bark further 
impoverish tree water status, and internal water pools progressively deplete to buffer Ψxylem 
reductions (Epila et al. 2017, Choat et al. 2018). To gain a more comprehensive understanding 
on tree drought susceptibility, it is therefore crucial to integrate several drought-related 
thresholds informing about in vivo stomatal behaviour and plant dehydration rates (Bartlett et 
al. 2016). 
During the early and late season drought events, the [CO2] treatment affected the onset and 
rate of stomatal closure with declining tree water status (Ψxylem). In addition, eCO2 effects 
differed between seasonal drought experiments. During the ESE, gs reduction started earlier 
and was more gradual under eCO2, as it could be expected from stomatal behaviour under 
well-watered conditions (Ainsworth and Rogers 2007). High atmospheric [CO2] facilitates 
maintenance of relatively high [CO2] in the sub-stomatal cavities despite partial stomatal 
closure. When facing moderate drought, this advantage of CO2 fertilization might gain 
importance as an earlier and more gradual stomatal closure favours water savings, thereby 
limiting detrimental effects of reduced carbon availability (e.g. Goodfellow et al. 1997, Herrick 
et al. 2004, Robredo et al. 2007, Drake et al. 2017, Pathare et al. 2017, Birami et al. 2020). 
As drought proceeds, advanced stomatal closure can help to maintain the integrity of the 
hydraulic system, as an earlier stomatal closure is often associated with higher xylem 
vulnerability to drought-induced embolism (Brodribb et al. 2014, 2017), which is consistent 
with the shift of the VCAE observed here. Contrastingly, stomatal closure was delayed under 
eCO2 during LSE, highlighting that stomatal responses to drought are seasonal-dependent 
(Chapter 2). Limited sensitivity of gs to soil drought under eCO2 has previously been observed 
in beech, chestnut and oak trees (Heath 1998), as well as in tomato (Liu et al. 2019) and other 
crop species (Haworth et al. 2016). It is likely mediated by an eCO2-induced disruption of the 
ABA (abscisic acid) signal transduction pathway (Li et al. 2020), which might in turn be affected 
by leaf development (Mcadam and Brodribb 2015). In any case, delayed stomatal closure 
under eCO2 during LSE did not compromise xylem integrity at this time, as denoted by similar 
hydraulic vulnerability curves for both [CO2] treatments.  
Capacitive water release is another relevant strategy to face drought and delay embolism 
formation (Epila et al. 2017, Körner 2019, Martinez-Vilalta et al. 2019, Hammond et al. 2021). 
However, possible eCO2-induced alteration of the capacity to store water in stem tissues 
remains largely unexplored. In vivo measurements of stem shrinkage suggest that the 
progressive depletion of elastic water pools (TWD) was unaffected by eCO2. Accordingly, 
estimates of elastic capacitance (Cel) derived from desorption curves via bench dehydration 
did not differ between [CO2] treatments. Independent of the [CO2] treatment, Cel in the young 
European aspen trees surveyed here varied from 119 to 265 kg m-3 MPa-1, which is in 
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agreement with the elastic hydraulic capacitance previously measured in ten small-sized (≤ 3 
m height) angiosperm trees (20 - 280 kg m-3 MPa-1; Scholz et al. 2011). Reliance on stored 
water to maintain transpiration requirements and stem hydraulic capacitance commonly 
increase with stem size (Phillips et al. 2003, Scholz et al. 2011). However, despite the 
observed stimulation of stem volumetric growth (ESE) and stem mass growth (LSE) for the 
surveyed trees under eCO2 (Chapter 3 and 4), eCO2-induced differences in stem size might 
still be insufficient to significantly affect the size of stem elastic water pools and Cel. Long-term 
experiments would be necessary to detect eCO2-induced differences in elastic hydraulic 
capacitance. Nevertheless, we speculate that potential differences would result from 
biophysical responses to eCO2 rather than from physiological acclimation. 
Sequential down-regulation of tree water losses and depletion of water pools 
Stomatal closure was the first response to declining tree water status under both aCO2 and 
eCO2. Remarkably, almost complete stomatal closure (gs_88) and onset of embolism formation 
(AE12) occurred at a similar Ψxylem for the surveyed trees. The reduction of leaf scale water 
loss to delay further increases in xylem tension as an attempt to avoid lethal drought-driven 
embolism reveals a strict stomatal regulation, even in the young trees under study which 
cannot rely to a great extent on previously stored carbohydrates (Wertin and Teskey 2008). 
Such conservative hydraulic behavior prioritizes the safeguarding of the vascular system 
integrity to the detriment of a limited carbon uptake to fulfil metabolic requirements (Brodribb 
et al. 2017, Choat et al. 2018), a strategy already observed in several plant species (Hochberg 
et al. 2017, Choat et al. 2018, Li et al. 2018b, Blackman et al. 2019). 
Less studied is the timing and coordination of the progressive depletion of capillary, elastic 
and inelastic stem water pools leading to lethal tissue dehydration (Körner 2019, Martinez-
Vilalta et al. 2019). Capacitive water release from capillary spaces and elastic pools buffers 
daily fluctuations in Ψxylem (Zweifel et al. 2001, Steppe et al. 2012, 2015, De Swaef et al. 2015), 
while further seasonal depletion of elastic living cells delays Ψxylem reductions when facing 
prolonged drought stress (Vergeynst et al. 2013, Salomón et al. 2017a). Only when Ψxylem 
exceeds critical thresholds, inelastic water release from embolized conduits is expected to 
occur, transiently reducing the risk of runaway embolism (Hölttä et al. 2009). This widely 
accepted sequential dehydration pattern results in the theoretical desorption curve and its 
three discrete phases  (Tyree and Yang 1990, Vergeynst et al. 2015a, Pratt and Jacobsen 
2017, Choat et al. 2018, Steppe 2018). Accordingly, stems started to shrink before onset of 
embolism formation (TWD12 > AE12). However, with declining tree water status (when stomatal 
closure reached 50 %), differences between TWD50 – AE50 and TWD88 – AE88 thresholds 




closure indicate a parallel rather than sequential depletion of stem elastic and inelastic water 
pools. This dehydration pattern is consistent with recent microCT studies performed to assess 
temporal and spatial variability in xylem dehydration. In Castanea dentata (Knipfer et al. 2019), 
Eucalyptus camaldulensis (Nolf et al. 2017) and Laurus nobilis L. (Nardini et al. 2017), 
dehydration of non-conducting xylem tissues (i.e. living cells and dead fibbers) occurred 
simultaneously or even after onset of embolism formation. In two-year-old C. dentata trees, 
current-year xylem, closely located to the cambium layer, remained hydrated at a lower water 
potential than that in the older xylem, more distant from the cambium. These observations 
suggest prioritization of cambial survival over maintenance of the vascular functionality since 
living cambial cells are crucial for drought recovery and growth resumption (Knipfer et al. 
2019). The parallel depletion of elastic and inelastic water pools observed here at Ψxylem below 
gs_50 highlights that depletion of stem water pools does not simply switch from elastic to 
inelastic tissues and further questions the classic sequential dehydration pattern merely based 
on the water source type. While the initial slope of the desorption curve might be an adequate 
proxy of the elastic capacitance at full tissue hydration (Steppe et al. 2006), with increasing 
levels of drought stress, capacitive water release might be simultaneously released from 
elastic and inelastic pools. The slope of the final part of the segmented DC might therefore 
represent an integrated hydraulic capacitance of partly depleted elastic and inelastic water 
pools. When aiming to disentangle the relative contribution of both elastic and inelastic water 
pools throughout the complete gradient of drought stress, combined measurements of stem 
shrinkage and proxies of conduit embolism would be helpful.  
Conclusion 
The [CO2] treatment differently affected average vessel diameter in young Populus tremula 
trees depending on wood phenological phases. During the early season, stimulated stem 
volumetric growth under eCO2 might have resulted in wider vessels and marginal reductions 
in wood density. Accordingly, xylem was more vulnerable to drought-induced embolism under 
eCO2 and hydraulic capacitance increased during severe drought stress. Hydraulic efficiency, 
however, remained unaltered by the [CO2] treatment, as estimated from average vessel 
hydraulic diameter and conductivity. Drought-driven stomatal closure was accelerated under 
eCO2, which might help to maintain vascular integrity of a more vulnerable hydraulic system. 
Contrastingly, and during the late season, carbon surplus under eCO2 might have been 
allocated to cell wall thickening, hereby narrowing vessel lumen. This alteration did not affect 
xylem hydraulic vulnerability or capacitance. Depletion of stem elastic water pools (detected 
with high-resolution dendrometers) remained unaffected by the [CO2] treatment during both of 
the in vivo seasonal drought experiments. Limitation of leaf scale water losses was the first 
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tree response when facing drought, and stomatal closure was almost complete at the onset 
of embolism formation. Such conservative hydraulic behaviour denotes prioritized 
maintenance of vascular integrity over carbon uptake. Despite earlier onset of the depletion 
of stem elastic pools relative to the inelastic ones, differences levelled off after halfway of 
complete stomatal closure. This underlines that the relative contribution of elastic water pools 
to the overall hydraulic capacitance remained significant even during vessel embolism 
formation. We therefore urge to revisit the idea of a simplified sequential depletion of elastic 







Figure S5.1  Average daytime (PAR > 5 µmol m-2 s-1) chamber CO2 concentration ([CO2]), photosynthetically active 
radiation (PAR), temperature (T), and vapor pressure deficit (VPD) in the ambient (aCO2, light grey) and elevated 
(eCO2, dark grey) [CO2] treatment chambers and average xylem water potential (ΨXylem) along the early 
(ESE - 2019, left-hand side panels) and late (LSE - 2018, right-hand side panels) season in vivo drought 
experiments.  
Trees were subjected to combined treatments of atmospheric [CO2] (ambient (a) and elevated (e)) and drought 




General conclusions and outlook 
Rapid climate change is placing forests under unprecedented stress (McDowell et al. 2020). 
Drought events, often in combination with high temperatures, have increased in frequency, 
duration and intensity (IPCC 2018). Despite substantial research efforts over the last decades, 
the question remains if increasing atmospheric carbon dioxide concentration ([CO2]) mitigates 
or aggravates adverse effects of drought stress on tree functioning (Menezes-Silva et al. 
2019). Nonetheless, current widespread forest dieback (Allen et al. 2015, Hartmann et al. 
2018) does not suggest that CO2 fertilization is capable of preventing tree mortality. In turn, 
forests are able to mitigate the threads of climate change, as they are responsible for the 
uptake of 30 % of the anthropogenic emitted CO2 (Friedlingstein et al. 2019, Pugh et al. 2019). 
Accurate understanding of forests’ behaviour and potential for carbon (C) sequestration under 
future climates is therefore crucial to predict global C budgets under changing climate 
scenarios (Cernusak et al. 2019, Anderegg et al. 2020). Terrestrial biosphere models remain 
inconclusive towards future forests’ C sink strength and ecosystem functioning (Schurgers et 
al. 2018, Krause et al. 2019, Pugh et al. 2019), because model assumptions to simulate forest 
behaviour do not accurately reflect underlying mechanisms of tree physiology under different 
stress elicitors. Improving our understanding on tree responses to eCO2, drought and their 
interaction remains therefore crucial to predict forest development and enable science-based 
decision making. 
 
To advance knowledge in this line, this PhD dissertation focused on the temporal dynamics of 




variability in eCO2 responses have long been reported, with a pioneering study in bean 
(Phaseolus vulgaris) being published 35 year ago (Jolliffe and Ehret 1985), yet effects of eCO2 
are often simplified by a temporally static value thereby precluding a comprehensive 
understanding of complex and variable eCO2 effects on tree functioning. To ascertain the 
general occurrence of dynamic eCO2 responses over time (within a single growing season 
and across multi-annual developmental stages) and spatial scales (leaf vs. whole-tree scale), 
a review was conducted (Chapter 2). In vivo effects of elevated [CO2], and of the experimental 
timing of drought events (early vs. late season), were assessed at both leaf and whole-tree 
scale in one-year-old Populus tremula L. (European aspen) trees under well-watered 
(Chapter 3) and drought (Chapter 4) conditions. Finally, drought strategies monitored in vivo 
were compared with hydraulic vulnerability and stem dehydration, respectively, assessed in 
the lab with embolism-related acoustic emissions and hydraulic capacitances (Chapter 5).  
To gain more insight in the dynamic nature of tree eCO2 responses over time (early vs. late 
season) and spatial scales (leaf vs. whole-tree) under well-watered and drought conditions, 
young European aspen trees were grown in treatment chambers allowing straightforward 
manipulation of environmental conditions and of the timing of imposed drought events. 
Nonetheless, studies in growth chambers inevitably limit the number and size of trees under 
survey. Such spatial constraints precluded to study early and late seasonal responses to the 
[CO2] treatment on the same set of trees during a single growing season. Consequently, 
comparison between early and late season datasets might be biased by different annual 
environmental conditions (a heat wave occurred in 2018), so that the effects of the [CO2] 
treatment in this dissertation focused on [CO2] treatment differences observed within a single 
seasonal development stage (as independent experiments), being more cautious regarding 
seasonal comparisons. Moreover, legacy effects derived from different time exposure to eCO2 
(7 and 4 months for LSE and ESE, respectively) likely led to relatively larger NSC pools in 
eCO2 trees at the onset of the drought event. Given the coupling between hydraulic 
performance and NSC status (Tomasella et al. 2020), legacy effects might also affect the 
interaction between seasonality and hydraulic functioning. Finally, and as a result of the limited 
number of treatment chambers, pseudo-replication issues could not be completely avoided, 
lowering the statistical confidence of the comparison between [CO2] treatments. Despite these 
experimental drawbacks, combination of the results from the four research chapters, allows a 
cautious reply to our three original research questions (Figure 1.4 in Chapter 1) 
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Are tree responses to elevated CO2 dynamic over time? 
Although tree responses to eCO2 are often summarized using a single static value, dynamic 
leaf and whole-tree responses to eCO2 have been observed in a variety of tree species and 
during different developmental stages (Chapter 2). Overall, the magnitude of the [CO2] 
treatment is commonly largest during the early season (i.e. from spring to early summer), while 
down-regulation occurs towards the end of the growing season (from onset of autumn to 
winter). These observations highlight the importance of phenological-driven variations in tree 
C-sink strength to meet seasonal C requirements. When C demand is high as a result of 
aboveground and belowground biomass production, rapid allocation of carbohydrates from 
leaves towards sink organs triggers a positive feedback up-regulating tree responses to eCO2. 
In contrast, as the season progresses and tree C sink strength declines, leaf C accumulation 
in foliar tissues down-regulates the leaf response to eCO2. Also, in the young European aspen 
trees surveyed here, stimulation of net carbon assimilation (An) under eCO2 increased from 
the onset of leaf development and peaked during stages of extensive stem volumetric growth 
(June and early July), after which An stimulation diminished towards the onset of leaf 
senescence (Chapter 3). Increased leaf C fixation rates translated to the whole-tree scale, 
resulting in a stimulation of stem volumetric growth during the early season and dry biomass 
production during the late season, when cell wall thickening typically leads to C sequestration 
but not to volumetric growth. Responses to eCO2 in stomatal and canopy conductance or in 
leaf and stem respiratory physiology were not dynamic over time, as a likely result of the 
limited overall impact of eCO2 on leaf and whole-tree water use and respiration. 
The effects of elevated [CO2] on tree drought responses (Chapter 4) and xylem vulnerability 
to embolism (Chapter 5) were dependent on the seasonal timing of the drought event. Strong 
significant effects of the [CO2] treatment on in vivo drought responses at the leaf scale were 
observed when drought was imposed during the late season (mid-August). Contrastingly, 
vulnerability to drought-induced embolism formation and corresponding hydraulic capacitance 
differed between [CO2] treatments during the early season, while remaining unaffected during 
the late season. This discrepancy in the effects of eCO2 on tree’s stomatal regulation under 
drought (Chapter 4) and hydraulic vulnerability (Chapter 5), underline the need to further 
unravel possible shifts in tree vulnerability to drought-induced embolism formation under 
eCO2. In particular, since drought-induced stomatal closure only provides a fraction of tree’s 




Can leaf scale responses to elevated CO2 be upscaled to the whole-tree 
scale?  
Compilation of tree C (i.e. An and daily stem volumetric growth) and water (i.e. stomatal and 
canopy conductance) processes under free-air CO2 enrichment (FACE) conditions showed 
that both magnitude and direction of the eCO2 responses can substantially vary depending on 
the spatial scale under study (Chapter 2). For C processes, stimulation of leaf An does not 
necessarily result in parallel increases in tree volumetric or mass growth. In free soil eCO2 
studies, An was consistently stimulated under eCO2. Nonetheless, growth was stimulated in 
only six of the eighteen compiled studies (Chapter 2). These observations suggests that 
additional available C could be alternatively diverted to respiration processes, storage of non-
structural carbohydrates (NSC), root exudates or emission of volatile organic compounds 
lowering growth stimulation. In particular in mature trees, growth is expected to be C-
saturated, since nutrient or water limitation might govern tree dynamics in closed stands.  
In the young European aspen trees, stimulation of An was observed throughout the entire 
growing season (Chapter 3). However, stimulated An did not result in an increase of dry 
biomass by the end of July, and stem volumetric increment remained unaffected from August 
to September. We hypothesize that increased C availability in the young trees under survey 
stimulated growth year-long, but C allocation shifted over time: from cell division and 
enlargement during the early season, to cell wall thickening and lignification during the late 
season. The study of wood anatomical traits partially confirmed this hypothesis (Chapter 5). 
Early season wood was characterized by a wider average vessels when exposed to eCO2. 
Contrastingly, no differences in vessel diameter between [CO2] treatments were detected 
during the late season, likely as a consequence of the increased cell wall thickening and 
abundance of narrow late-wood vessels under eCO2.  
Also, for water processes (i.e. stomatal (gs) and canopy conductance), effects of eCO2 at the 
leaf scale do not systematically translate to whole-tree responses. Elevated [CO2] commonly 
lowers leaf scale water loss (Ainsworth and Rogers 2007). Nonetheless, potential stimulation 
of total canopy area can nullify gs reduction, and even enhance whole-tree water use 
depending on the magnitude of these eCO2-induced alterations (Fatichi et al. 2016; Chapter 
2). In contrast with our expectations, we did not find consistent reductions in leaf water loss 
under eCO2 during the seasonal experiments. This neutral effect of eCO2 at leaf scale 
upscaled to the whole-tree scale as water use remained unaltered (Chapter 3).  
Discrepancies between leaf and whole-tree responses to eCO2 were also found when 
surveyed trees were subjected to drought. Despite the limited effects of eCO2 at leaf-scale 
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drought responses in vivo, whole-tree drought responses (in terms of tree water use, stem 
volumetric growth and respiration) all remained unaltered under eCO2 (Chapter 4). This 
observation highlights the risk of predicting whole-tree responses to eCO2 solely based on leaf 
scale measurements. We therefore urge scientists to incorporate stem-based measurements 
and whole-tree responses in future eCO2 experiments to gain a balanced understanding of 
leaf and whole-tree scale behaviour as climate changes (Chapter 1). 
Does elevated CO2 mitigate adverse drought effects and alter drought 
vulnerability? 
Increasing atmospheric [CO2] has been suggested to improve tree water status and mitigate 
adverse effects of drought stress. However, in the young European aspen trees under survey, 
mitigating effects of eCO2 were limited to the leaf-scale and the late season (Chapter 4). 
During the early season, in vivo drought responses remained mainly unaffected by eCO2 over 
time. The difference between [CO2] treatments was limited to a moderate advance (shift in 
inflection point; Chapter 4) or more gradual (i.e. lower reduction rate; Chapter 5) stomatal 
closure with increasing drought stress gradient or decreasing xylem water potential (Ψxylem), 
respectively, both hinting towards an earlier onset of stomatal closure under eCO2. In their 
review, Choat et al. (2018) hypothesized stomatal closure occurs to avoid high-risk xylem 
tensions leading to conduit embolism formation. Onset of stomatal closure at less negative 
Ψxylem could thus denote an increase in xylem vulnerability towards drought-induced embolism 
formation. In agreement with this hypothesis, corresponding xylem vulnerability and hydraulic 
capacitance was higher under eCO2 during ESE, with an apparent shift of the vulnerability 
curve to less negative Ψxylem and an increase in hydraulic capacitance when drought was most 
severe, likely related to the development of wider vessels during the period of fast stem 
volumetric growth (Chapter 5).  
Contrastingly, during the late season drought event, eCO2 delayed and slowed-down stomatal 
closure with increasing levels of drought stress, enabling gas exchange at more negative 
Ψxylem and possibly prolonging An over time (Chapter 4). In contrast, vulnerability curves and 
hydraulic capacitance were not altered by eCO2 during the late season (Chapter 5). We 
therefore suggest year-long exposure to eCO2 delayed leaf scale drought responses, as a 
possible result of disrupted stomatal regulation. 
Hydraulic failure is considered the predominant cause of drought-induced tree mortality 
(Adams et al. 2017). Nonetheless, stomatal closure to avoid embolism for extended periods 
can induce an imbalance between C demand and supply leading to C starvation, a possible 




(starch and soluble sugars) in leaf and xylem tissues (Chapter 4). Despite the enlarged pre-
drought NSC pool, respiratory C expenditures as drought proceeded offset all differences in 
[NSC] between [CO2] treatments. These results highlight the complex interactions between 
NSC, drought, and the [CO2] treatment. Although possible mitigating effect of enhanced pre-
drought NSC pools under eCO2 deserve further investigation, our results do not indicate 
alleviating effects of CO2 treatment for C starvation under severe drought stress. 
Future perspectives 
Although the in vivo research was limited to young trees, seasonal variability in eCO2 
responses might also be scalable to mature forests (Chapter 2), which would alter their 
capacity to act as terrestrial C sinks year-round (recently reviewed in Walker et al. (2020)). 
Nonetheless, the extent to which early and late season eCO2 responses are expected to differ 
across mature forests remains far less certain and will be likely dependent on nutrient 
availability (in particular nitrogen (N) and phosphorous (P)), forest microclimate (e.g. 
temperature and light intensity) and water availability. For instance, a recent study showed 
that under current [CO2] aboveground biomass was 95 % higher near the forest edge in 
comparison to inner forest areas as a likely result of increased N deposition and higher light 
availability (Meeussen et al. 2021). As a result of the spatial variability in the C sink strength 
of the forest, CO2 fertilization might also be stronger at the forest edge, amplifying current 
differences in biomass productivity. Among others, future research questions should focus on 
the effects of nutrient deficiency and its ability to initiate or amplify discrepancies between leaf 
and whole-tree responses under eCO2. Recent meta-analyses underlined that the magnitude 
of eCO2 effects is largely determined by the N and P availability (Terrer et al. 2019) and 
mycorrhizal associations facilitating nutrient uptake (Terrer et al. 2016). Also, air temperature 
and light intensity, two climatic variables that remained unexplored in this PhD dissertation, 
should be included in future analyses. Despite the general stimulation of C fixation rates 
following a moderate temperature increase (Long 1991) and the species-specific dependency 
of plant performance on the daily light integral (Poorter et al. 2019), accurate translation to the 
whole-tree scale, in particular during the late season when relative C demand reduces (Pantin 
et al. 2012, Cuny et al. 2015), remains crucial (Teskey et al. 2015). Finally, our results indicate 
seasonality of tree responses to eCO2 might cause a shift in tree drought responses and 
vulnerability throughout the growing season (Chapter 4 and 5). Although seasonal differences 
in drought vulnerability is increasingly gaining interest (e.g. D’Orangeville et al. 2018, Sorek 
et al. 2020), this relatively novel research topic deserves further investigation to refine 
predictions of the effects of more frequently occurring drought events under current and future 
[CO2].  
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It is a natural response to think bigger, but answers might also be hidden in the details. Despite 
decades of research on the effects of eCO2 on wood anatomy, dynamic effects of increased 
[CO2] over multi-annual developmental stages remain largely unexplored. High frequency 
wood sampling or non-invasive methods adding a time stamp to the wood sample (e.g. 
cambial pinning; Van Camp et al. 2018), allow the determination of wood traits at well-chosen 
moments during the growing season. Not only would this provide valuable information on the 
evolution of the eCO2 effect over time, combination of anatomical and ecophysiological data, 
including in vivo drought responses and hydraulic vulnerability, could bridge the still-existing 
knowledge gap between these two research fields (as highlighted by Steppe et al. (2015)).  
“Trees are wonderful things” (McCarroll and Loader 2004). Trees are appreciated for their 
ability to evolve and to adapt to face adverse and seasonally changing environmental 
conditions. For instance, trees cope with both cold winters and hot dry summers in temperate 
forests. As a result of environmental year-round changes, it is not surprising that tree 
responses to eCO2 are also dynamic over time. Along this PhD dissertation, we strived to 
underline how seasonality of tree C sink strength can drive temporal eCO2 dynamics at 
different spatial scales under well-watered and drought conditions. Although we realize our 
results might have raised more questions than they were able to answer, it would almost be a 
shame if they did not. We hope our results convince scientists to no longer ignore temporal 
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Trees are exposed to unprecedented climate changes and resulting drought-driven forest 
mortality has been reported worldwide. Effects of elevated [CO2] (eCO2) on tree 
functioning has been an important research topic over the last decades. Nonetheless, 
crucial questions remain largely unexplored: Is the tree response to eCO2 variable over 
time? Do leaf scale responses to eCO2 upscale to the whole-tree scale? Is eCO2 capable 
to alleviate detrimental effects of drought stress? Along this PhD dissertation, we aim at 
unravelling the interactions between seasonal tree carbon demand and eCO2 at the leaf 
and the whole-tree scale and under well-watered and drought conditions. To this end, a 
literature review was performed, and two sets of one-year-old European aspen (Populus 
tremula L.) trees were grown under ambient (approximately 445 ppm, aCO2) or elevated 
(approximately 701 ppm, eCO2) [CO2] during two consecutive growing seasons to study 
early (2019) and late (2018) season responses. Leaf scale net carbon assimilation, 
stomatal conductance and respiration, together with whole-tree scale stem growth, sap 
flow as a proxy for transpiration and stem CO2 efflux were monitored. In addition, dry 
biomass and non-structural carbohydrate concentration (NSC) were measured across tree 
organs and tissues. Finally, vulnerability (VCs) and desorption (DCs) curves were 
established via the bench dehydration method. 
Literature review yielded two important insights. First, tree responses to eCO2 are highly 




largely determine the magnitude of tree responses to eCO2, with largest photosynthetic 
stimulation commonly occurring during the early season, when stem volumetric growth 
rates are higher. Second, across free soil eCO2 experiments of more than one year in 
duration, responses of tree carbon and water processes to eCO2 can substantially differ 
between leaf and whole-tree scales. Nutrient or water limitation can constrain tree growth 
despite eCO2-induced carbon surplus. Likewise, stimulation of total canopy leaf area under 
eCO2 can nullify potential reductions of water use at the leaf scale. Accordingly, in the 
young European aspen trees, stimulation of photosynthesis was larger during the early 
season, and additional carbon led to enhanced stem volumetric growth and dry biomass 
in the early and late season, respectively. In contrast to our expectations, water loss at 
both the leaf and the whole-tree scale was not affected by eCO2. Leaf and stem respiration 
did not differ between [CO2] treatments either. The widespread occurrence of dynamic 
eCO2 responses over time and space highlights likely misjudgement of complex eCO2 
effects on tree functioning when assessment is based on single-point measurements at 
the leaf scale.  
Benefits of eCO2 under drought were limited to the late season and leaf scale, and none 
of the eCO2-induced shifts in leaf responses to drought upscaled to the whole-tree. 
Independently of the [CO2] treatment, stem volumetric growth ceased before 
photosynthesis when facing drought. Leaf respiration rates and stem CO2 efflux remained 
significant, at 30 % of pre-drought conditions, leading to the progressive depletion of NSC 
pools throughout tissues, hence offsetting any potential benefit of CO2 fertilization prior to 
drought. Overall vessel size increased and wood density seemingly decreased under 
eCO2 during the early season, likely determining increases in xylem vulnerability to 
drought-induced embolism formation and hydraulic capacitance under severe drought 
stress. Contrastingly, differences between [CO2] treatments in xylem vulnerability to 
embolism formation and capacitance were not observed during the late season. 
Furthermore, stomata were almost completely closed before the onset of vessel embolism 
denoting a conservative hydraulic behaviour. With increasing levels of drought stress and 
after halfway of complete stomatal closure, depletion of elastic and inelastic water pools 







Wereldwijd worden bomen blootgesteld aan een ongeëvenaarde klimaatverandering, met 
grootschalige bossterfte door droogte als gevolg. Tijdens de afgelopen jaren is het effect 
van verhoogde [CO2] (eCO2) op het functioneren van bomen een belangrijk 
onderzoeksonderwerp geworden. Toch blijven enkele cruciale vragen onbeantwoord: Is 
het effect van eCO2 op bomen variabel in de tijd? Kunnen de effecten van eCO2 eenvoudig 
worden vertaald van blad- naar boomniveau? Is een verhoging van [CO2] in staat om de 
negatieve gevolgen van droogte tegen te gaan? In dit doctoraatsproefschrift worden de 
interacties tussen seizoensgebonden groei en de effecten van eCO2 onderzocht, en dit 
zowel op blad- als boomniveau en onder goed bewaterde en droogtestress condities. 
Hiervoor werd een literatuurstudie uitgevoerd en werden twee sets van eenjarige 
ratelpopulieren (Populus tremula L.) opgegroeid onder actuele (aCO2, 445 ppm) en 
verhoogde (eCO2, 701 ppm) atmosferische [CO2] gedurende twee opeenvolgende 
groeiseizoenen om zo de gevolgen van eCO2 in het begin (2019) en op het einde (2018) 
van het groeiseizoen te kunnen bestuderen. Koolstofassimilatie, stomatale geleidbaarheid 
en respiratie op bladniveau, en stamdiametervariaties, sapstroom (als schatting voor 
transpiratie) en stam CO2 efflux  op boomniveau werden gemeten. Daarnaast werd de 
droge biomassa en de concentratie aan niet structurele koolhydraten (NSC) bepaald in 





De uitgevoerde literatuurstudie toonde twee belangrijke zaken aan. Op de eerste plaats 
werd vastgesteld dat de effecten van eCO2 erg variabel zijn over de tijd, ook binnen 
eenzelfde groeiseizoen. De wisselende vraag naar koolstof doorheen het seizoen, toe te 
schrijven aan de boomfenologie, bepaalt de intensiteit van de effecten van eCO2. De 
grootste stimulatie van fotosynthese wordt daarom vooral gemeten in het begin van het 
seizoen, wanneer de stam het snelst toeneemt in volume en koolstofvraag hoog is. Ten 
tweede werd een duidelijk verschil opgemerkt in de gevolgen van eCO2 op blad- en 
boomniveau. Nutriëntentekort of gebrek aan water kunnen leiden tot limitatie van 
boomgroei, en dit ondanks de verhoogde koolstoffixatie op bladniveau. Voor de 
waterprocessen kan zich eveneens een tegenstrijdigheid in de gevolgen van eCO2 
voordoen, aangezien stimulatie van totale bladoppervlakte bij blootstelling aan eCO2, 
eventuele dalingen in waterverbruik op bladniveau ongedaan kan maken. In 
overeenstemming met de literatuur was ook in de jonge ratelpopulieren de verhoging van 
fotosynthese onder eCO2 het hoogst vroeg in het seizoen, met een verhoging van 
volumetrische stamgroei en productie van droge biomassa tot gevolg. In tegenstelling, 
werd het waterverbruik op blad- en boomniveau niet beïnvloedt onder eCO2. Ook op de 
respiratie in het blad en CO2 efflux door de stam had de [CO2] behandeling geen effect. 
Het voorkomen van deze dynamische responsen van bomen op eCO2, in zowel tijd als 
ruimte, duidt op het gevaar van misinterpretatie van de complexe gevolgen van eCO2 
indien deze worden gebaseerd op een beperkt aantal metingen op bladniveau. 
De voordelen van eCO2 onder droogte bleven beperkt tot bladniveau en werden enkel 
vastgesteld op het einde van het groeiseizoen. Geen van de veranderingen ten gevolge 
van eCO2 vertaalde zich tot op boomniveau. Onafhankelijk van de [CO2] behandeling en 
de timing van droogte in het seizoen, stopte stamgroei bij lagere niveaus aan 
droogtestress dan koolstoffixatie op bladniveau. Bij sterke droogtestress bleef blad 
respiratie en stam CO2 efflux hoog, tot 30 % van de waarden onder goed bewaterede 
omstandigheden. Dit zorgde voor een geleidelijke daling van de NSC-concentratie en een 
eliminatie van de eventuele voordelen van eCO2. In het begin van het groeiseizoen was 
de gemiddelde vatdiameter groter en daalde de houtdichtheid ogenschijnlijk onder eCO2. 
Dit had als gevolg dat de vatbaarheid voor embolisme en de hydraulische capaciteit 
toenam. In tegenstelling, werden geen verschillen in vatbaarheid of hydraulische capaciteit 
tussen [CO2] behandelingen vastgesteld aan het einde van het seizoen. Onder beide [CO2] 
behandeling sloten stomata bijna volledig voor de start van embolismevorming. Dit duidt 
op een voorzichtig en conservatief hydraulisch gedrag. Met toenemende droogte, en vanaf 




gelijktijdig uitgeput, waarmee het klassieke en sequentiële uitdrogingspatroon in vraag 
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